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Abstract
Industrial half mask respirators I  defined as mask covering only 
the orinasal regions ]  are normally selected by the safety 
management for the employees • The choice is normally made 
on the basis of their theoretical ability to reduce the concentration 
of airborne contaminants below the Health and Safety Executive 
I  HSE J published Threshold Limit Values I  HSE 1977 J .
However in practice, the degree of protection provided by these 
respirators is not known and their protective values have long 
been suspected to be less than the scientific acclaim .
In the past , several empirical studies have been carried out 
to investigate the effectiveness of the respirators but no 
attempt was made to determine and analyse the factors which 
cause the reduction of the protective values of respirators .
This research project was carried out with an aim to 
determine the degree of respiratory protection achievable by 
the commercially available half mask respirators in the 
United Kingdom • Attempt was made to establish the 
factors which have direct influence on the protection of 
respirators •
The research necessitated evaluation and development of methods 
for the accurate measurement of facial contours • Moire fringe 
photography from a projected coloured grid was the method of 
ultimate choice.
Facial contour measurements were made on a total of 394 
individuals mostly from industries which normally use respiratory 
protective devices* Of this number 184 also had measurements 
of the inward leakage of the face mask using a Sodium Chloride 
penetration method * Correlation was made between a number 
of facial dimensions and leakage values • Other variables which 
might influence leakage such as training in mask usage, facial
hairs , increased respiratory effort [ both by voluntary hyperventilation 
and exercise -  induced ] , head movements and differences between 
male and female users were also studied in relation to measured 
leakage values •
During the course of the research, a series of comfirmatory 
experiments were carried out to provide the supportive evidence 
for the main line research 0 All the data obtained were subjected 
to the relevant statistical treatment o
The tolerable level of leakage is 5 per cent [ H S E  ] . The present 
study has shown that the leakage of the best mask is greater
than this [ range 0 per cent to 26 per cent ] ; but other mask can 
show leakage values of up to 47.9 per cent • The amount of face 
seal inward leakage can be attributed to a number of related 
factors namely the level of training and experience possessed 
by the subjects in the use of respirators, the presence of beards 
and the variation in the facial contours and dimensions .
INTRODUCTION
The use of respiratory protective equipment (R.P.E.) to 
support life under unfavourable atmospheric conditions can 
be referred to as early as the nineteenth century. The 
first recorded R.P.E. used was known as ’Smoke cap' developed 
by Professor Tyndall and Sir Eyre Massey Shaw in 1875. The 
device was designed to offer protection against smoke and 
fumes (Home Office, 1974). The development of this simple 
respirator eventually proceeded to the advanced filtered air 
respirators which are used today to provide protection against 
toxic chemical gases and biological hazards adopted in modern 
warfare.
The use of industrial respirators began soon after the end of 
World War II, although the 'gas mask' respirator was issued 
as a precaution to most of the civilian population during the 
war. The early respirators were simple in design. Most of 
these devices consist of a hood or a full face mask complete 
with the appropriate filtering agents. As manufacturing 
industry expanded, the use of respirators became wide spread. 
Nowadays, the use of respirators can be found in nearly all 
work places where harmful airborne contaminants are found.
For instance, different types of respirator are found in coal 
mines to provide protection against the pneumoconiosis 
producing dusts (Rhydderch L.D., 1978: Reist P.C. et al, 1972:
Lowry P.L., 1977: Howie H.M., 1980); on farms to offer
respiratory protection against mycotic infections and allergies 
and the chemical gas poisoning (Gilson J.C., 1969); in the oil 
and petrochemical industry to provide protection against toxic 
fumes and gases (Turner D . , 1971); in the ceramic and pottery
industry to give protection against the silicosis producing 
dust (H.S.E. - C.N.I.G., 1979); in the asbestos industry 
to give protection against the fibrogenic and carcinogenic 
dust (Rickard A.L., 1979: B.O.H.S., 1973), to name just a
few.
Because of the increase in demand of respirators in the 
manufacturing industry, (approximately 95,000 respirators 
were available for issue to 249? of the underground workers 
in the National Coal Board (Howie H.M., 1980) many different 
types of respirators were introduced by the makers.
Originally most of the respirators introduced were of the 
full face mask, but more recently half mask respirators 
were introduced to offer universal fit, and aimed at providing 
a greater protection for larger groups of the work force.
There are now more than eighty different types of half mask 
respirators with variation in design and performance in the 
U.K. The latest survey estimated that the number of 
industrial workers who would require some form of respiratory 
protection was about three million, and the forecast annual 
expenditure at the current value was approximated to be 
£15 million (Hornail, 1978).
The increase in the use of R.P.E. was partly due to the 
introduction of statutes by the government to improve the 
conditions of health and. safety at industrial workplaces 
and partly because of the better understanding of the possible 
health hazards which can be contracted from respirable 
contaminants.
The two most influential Acts of Parliament on the industrial 
safety matters are the Factories Act of 1961 and the Health 
and Safety at Work etc. Act of 1974. The regulations which 
were introduced under these Acts for respirators are:
* The Asbestos Regulations, 1969.
* The Pottery (Health and Welfare) Regulations, 1950.
* The Grinding of Metals (Miscellaneous Industries)
Special Regulations, 1925 and 1950.
* The Poisonous Substances in Agriculture Regulations, 1975.
* The Shipbuilding and Ship-repairing Regulations, 1960.
* The Non-Ferrous Metals (Melting and Founding)
Regulations, 1962.
* The Control of Lead at Work Regulations, 1980.
* The Iron and Steel Foundries Regulations, 1953.
The power to enforce these regulations was given to the 
Health and Safety Executive (H.S.E.) which is appointed by 
the Health and Safety Commission (H.S.C.). Respirators 
which are to be used in the environments specified under the 
regulations are approved by the Health and Safety Executive.
All approved respirators are in compliance with the requirements 
of appropriate standards published by the British Standards 
Institution (B.S.I.). The relevant B.S.I. specifications 
for respirators are:-
B.S.1.2091-1969 - Specification for respirators for
protection against harmful dusts and 
gases.
B .S .1.4555-1970 - Specification for high efficiency dust
respirators.
B . S .1.4558-1970 - Specification for positive pressure,
powered dust respirators.
B.S.l-4667 Part 1 - 1974 - Specification for breathing
apparatus: closed circuit breathing
apparatus.
B.S.14667 Part 3 - 1974 - Specification for breathing
apparatus: fresh air hose and compressed
air line breathing apparatus.
Before the respirators are approved by the H.S.E., they are 
tested against the requirements specified by the appropriate 
standards. One of the more important requirements amongst 
the specifications is the face seal leakage test (B.S.I. 
2091-1969). The face seal inward leakage has a more 
significant effect than the face seal outward leakage (the 
latter is more relevant for the positive pressure device) 
because it determines the degree of protection which the 
wearer is likely to receive. According to the requirements 
of the B . S.1.2091-1969 1 s specification for respirators for 
protection against harmful dusts and gases, respirators 
intended for these purposes are tested for face fit. The 
official test method is the Sodium Chloride aerosol technique. 
The test is carried out using ten clean shaven persons of the 
appropriate ethnological type to represent a broad spectrum 
of facial characteristics. Prior to the carrying out of the 
test, the subjects are instructed to sit perfectly still and 
to breathe as naturally as possible. During the test the 
total face seal leakage of each subject is detected and 
recorded individually by the apparatus described in
B .S .1.4400-1969 'Method for Sodium Chloride particulate test 
for respirator filters'. On the completion of the test, if 
the average of the ten individual results is less than 5 
per cent, the respirator is deemed to have met the H.S.E. 
approval requirements (B.S.I.4275, 1974).
All approved respirators are ascribed with theoretical 
protection factors to indicate their effectiveness against 
the specific airborne contaminants, however when these 
respirators are used in practice, the level of their 
effectiveness relies on several factors:-
i) The selection of correct type of respirator to provide 
protection against the contaminants.
ii) The provision of the correct user instructions and 
maintenance procedures.
iii) A good face fit to avoid face seal inward leakage of 
the challenge contaminants.
The under-protection given by respirators due to poor selection 
training and maintenance procedures can be controlled by the 
adoption of a respirator programme as shown in Figure 1 
(Lim T.S., 1977), but the leakage through the sealing surface 
between the mask and the face is a difficult problem which 
cannot be easily solved.
The reasons are:-
i) A great deal of facial variation exists amongst the
different groups of respirators wearers (McConvill J.T. 
1979).
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ii) Several surveys carried out on the fitting trial of 
a number of half mask respirators indicate that in 
order to provide a 99 per cent face fit to any one 
individual wearer, a choice of at least four 
respirators of different sizes must be made available. 
However, in the U.K., respirator manufacturers produce 
the same type of respirators in no more than two 
sizes to satisfy the various group of wearers
(Caro N. et al, 1979: Hyatt E.C., 1975: Withey W.R.,
1978).
iii) The problem of face seal leakage cannot be controlled 
by design engineering without altering the fundamental 
operational principles of the respirator design.
The inherent facial variation and lack of personal choice of 
respirators are the prime cause for the face seal leakage. In 
recent years, a number of research experiments have been 
carried out to investigate the efficiency of the half mask 
respirators. The filter materials have improved considerably 
(Dorman R.G., 1979: Maggs F.A.P., 1979) but the leakage via
the respirator seals still remained a major problem to be 
solved (Rickard A.L., 1979: Clark J.M., 1979: Griffin O.G.
et al, 1970). Both qualitative and quantitative test methods 
carried out on various groups of selected personnel under 
controlled conditions have indicated that leakage via face 
seal was the main cause for the reduction in respiratory 
protection ( Caro N. et al, 1980: Hyatt E.C. et al, 1972:
Griffin O.G. et al, 1970: Hounam R.F. et al, 1964: Schwabe P.H.
1979). However, there has been no attempt made
(1) to determine the level of protection given by the
commercially available half mask respirators when they are 
worn by the workforce in industry.
(2) To establish the factors which contribute to the face 
seal leakage.
(3) To provide correlations between face seal leakage and 
the possible factors which cause reduction in protection.
In order to determine the above, a three phase research 
project described in the present thesis has to be carried out
on several groups of industrial workers.
HYPOTHESES
The following study was designed to investigate the hypotheses 
stated below:
* Industrial half mask respirators have lower protection 
factors when used in practice.
* Inward leakage of half mask respirators is altered by head
movements and respiratory minute volume.
* The faciial contours and dimensional measurements of 
respirator wearers are important factors in determining 
the protection factor of respirators.
* The presence of beards will encourage face seal inward 
leakage.
* Trained and experienced wearers normally received a 
higher protection factor than those without training and 
experience.
* The subjective wearing comfort given by respirators 
cannot be used as indication of protection factor 
achievable by the devices.
Section 1
MATERIALS AND METHODS 
In this section , a detailed description is given 
to the survey and selection of suitable research 
techniques. The development and the principles 
of operation of the research equipment are also 
presented.
MATERIALS AND METHODS
The three phases of the research programme are:-
i) To identify and develop the research techniques 
which can be used to measure the face seal leakage 
of respirator wearers and to record their facial 
characteristics.
ii) To prepare the ground work for the field research.
iii) To carry out field research and conduct analysis 
on the results obtained.
1.0.0. : IDENTIFICATION OF RESEARCH TECHNIQUES
The initial plan of the research programme was to survey all 
the possible methods and equipment which can be used for the 
research. The two basic research methods required are:
i) A face seal inward leakage test method.
ii) A method for the accurate measurement of facial 
contours and dimensions.
There are a number of techniques and equipment already 
available which can be used to measure the leakage value and 
to record the facial characteristics of respirator wearers, 
but the majority of these methods and equipment are not 
suitable for use in this research because of a number of 
limiting factors, such as the cost effectiveness, the safety
consideration for the research participants and the ability 
of performance of the equipment. The general required 
features of the chosen research technique are:
i) The techniques shall have a proven record of good 
reproducibility of results and be simple to install 
and operate.
ii) The accuracy of the results shall be within the 
tolerance specified, by previous workers and the 
British Standards Institute.
iii) They shall be cost effective in their application.
iv) The equipment shall be compact and be transportable.
1.1.0. : THE SEARCH FOR A SUITABLE METHOD FOR THE FACE
SEAL INWARD LEAKAGE TEST.
There are numerous methods which can be used to measure the 
leakage of contaminants through the respirator filters and 
other valve systems. Some of the test agents are silica 
dust, chlorine, lead fumes an(* chromic acid mist (A.I.H.A. - 
A.C.G.I.H., 1963) and ammonia gas (B. S .1.2091-1969) . But unlike 
the filter penetration tests, the measurement of face seal 
leakage to be carried out in this research involves the use of 
a large number of industrial volunteers. Therefore, great 
priority has to be given to the selection of a test method
which will not cause any health impairment to the research 
participants.
In the past, a number of investigations have been carried out 
to assess the face seal inward leakage using volunteers. The 
number of volunteers used was small, but a variety of test 
agents were used. The methods used can be classified into 
the gaseous test method and the aerosol test method.
The gaseous methods used include Argon test gas (Griffin O.C. 
et al, 1970), Amyl acetate vapour test cloud (Bureau of Mines 
U.S. Department of Interior, 1971), Refrigerant 12 test gas 
(Parkard L.H., 1978), Diflouro-dichloromethane test gas 
(Morgon D.J., 1964), Ethylene and Sulphur hexafluoride test 
gas (Pasterneck A., 1978) and Methane test gas (Schwabe P.H., 
1979).
The aerosol methods used include the Di-octyl phthalate test 
aerosol (Hyatt E.C., 1972: Lowry P.L. et al, 1979), Uranine
test aerosol (Bugress W.A., 1961), Sodium Chloride test 
aerosol (Hounam R.F. et al, 1964): B.S.I .2091-1969:
Committee of European Standardisation of Standards, 1980) and 
the oil mist test (Schwabe P.H., 1979).
The differences between gaseous and the aerosol test methods 
were that the behaviour of aerosol deposition onto the lungs 
was very much different to the tissue absorption of gases 
within the lungs and although there were differences during 
the detection and recording of the leakage values, they were 
considered to be insignificant over the leakage values of 
range between 0.05 per cent and 10 per cent (Schwabe P.H.,
1979).
 THE SELECTION CRITERIA OF THE NffiTHOD
Of all the forementioned techniques, a method had to be 
selected for the intended research. In order to do this, a 
list of selection criteria was formulated. They are as 
below:
i) The test agent used shall be able to be detected at
a very low concentration (approximately to 0.1%) in
air.
ii) The test agent shall produce no toxic side effect to 
the test subjects upon exposure to a reasonable 
quantity during participation in the research.
iii) The airborne composition of the test agent shall be 
uniform, reproducible, and the concentration be 
maintained and controlled readily.
iv) The test equipment shall be reliable and capable of
operating in limited spaces.
1.1.2.__: THE CHOSEN METHOD: THE Naci AEROSOL TEST
Of the methods reviewed, the sodium chloride aerosol test 
method was the method of choice. The reasons for its adoption 
are: -
The quantity of sodium Chloride (NaCl) used 
in the research experiment presents no health 
risk to the test subjects since the concentration 
of NaCl used is relatively small. The maximum 
amount of NaCl particles likely to be inhaled by 
the test subjects when taking part in the 
experiments can be calculated for the formulae 
(1) and (2).
Qi X  t ( a l  X  Ca ) ..............................  ®
WflQTB Q i = Air intake by test subjects at heavy
work rate ( 0.06m3/min~1) [AIHA-AGCIH 1963}.
t  = Exposure time ( 5.5 minutes I
q I = The current H.S.E.  permitted 
face seal inward leakage 
value I -j§g ).
Ca = The maximum concentration of 
Na Cl presents in the test hood 
  a /M  3 )
However, the human respiratory airways can retain 
approximately 50 per cent of the inhaled NaCl particles 
(Clark J.M., 1980) and this was later confirmed to be 52.1 
per cent in the confirmatory experiments as discussed in 
Sub-section 3.4.0. Therefore the amount of NaCl particles 
actually retained by the test subjects can be determined by 
the formulae (2).
[  at x t  ( a l  x  c a )  ]  - j L -  ...........................@
WhQre R s Percentage of Na Cl retained 
by the respiratory airways of 
the test subjects.
Thus the maximum quantity of NaCl which the research 
participants may inhale and be retained by the airways was 
estimated to be 17.7 yg. This value is extremely small 
when it is compared with the amount of sea salts to which 
residents living near the sea are exposed. The exposure of 
coastal residents to NaCl can be calculated using the 
formulae (3) given below:-
co° ( ai° x  t ° ) ........... ................ ©
WhGrG Ca° = The NaCl concentration 
presents in the coastal 
air [  1 5 . 6 j j g / M ^ ]
(Mcgraw Hill. 1977 ).
Q i° -  The air requirement by the
test subjects at moderate work 
rate [  0.03 m^/min^J IAIHA-AGCIH  
1963 J.
f° s The exposure time [ 6 hours J.
The NaCl concentration of the sea air at wind speed 14.7
3
M/S was taken as 15.6 yg/M and the sea mists particle sizes 
range from 5 pm to 150 ym (Mcgraw Kill, 1977). From the 
calculation using formulae (3), a person working at moderate 
work rate near the sea will be exposed to 224.6 yg of NaCl 
per shift/day. The amount inhaled and retained by the body 
systems is estimated to be 117 yg of NaCl. Therefore the 
amount of NaCl taken in by the research participants was 
equivalent to 1.2 hours of exposure to the air near the sea. 
Hence the quantity of NaCl retained by the test subjects is 
well within the safe limit.
II) The use of NaCl as respirator man test agent was 
recommended by the British Standards Institution 
(B.S.I. 2091-1969) and also by the Committee of 
European Standardization (CEN/TC 79/SG3-1980).
III) The size of the test equipment was able to be 
reduced and scaled down to a manageable and 
transportable size.
IV) The test system is relatively cheap to build and to 
maintain.
V) The NaCl particles provide good searching 
characteristics and these particles are detectable
3
by a flame photometer over the range of 15 yg/M
O
down to 150 yg/M°.
VI) The concentration of the NaCl particles can be 
consistently produced and the size distribution 
of the test cloud can be readily controlled.
1.1.3. : THE LIMITATIONS OF THE CHOSEN METHOD
Although there are limitations in the adopted technique 
during application, precautions can be instituted to overcome 
these weaknesses. The limitations are:
I) Due to the hygroscopic properties of the NaCl 
particles and the behaviour of the respirable 
particles travelling through the respiratory airways, 
the particle size tends to be increased as the 
absorption of moisture occurs. As a result, the 
deposition by impactation and sedimentation of the 
NaCl particles onto the bronchi, bronchioles, 
alveoli and the sampling tube of the test system 
become inevitable and NaCl losses therefore have to 
be determined. The experiments carried out to 
establish the NaCl retention in the human respiratory 
airways and the test system are detailed in Sub-section
3.4.0.
II) Due to the intermittent use of the NaCl aerosol 
generator, there is always a likelihood of the 
crystallisation of the salt occuring within the 
solution atomizer. Therefore, it is necessary to 
clean the outlets of the atomizer thoroughly before 
each use.
The preparation and development of the technique is described 
in Sub-section 3.0.0.
1.2.0. : THE SEARCH FOR A SUITABLE METHOD FOR THE
MEASUREMENT OF FACIAL CHARACTERISTICS
In order to establish the relationship between facial charact­
eristics and face seal leakages, a method for obtaining the 
essential facial characteristics for the research had to be 
devised. There are a number of techniques already available 
for use in the measurement of facial variables but most of 
these methods required large capital investment and considerable 
modifications. The general requirements for the research 
method are given below:
i) The method shall be cost effective in its applications.
ii) The equipment shall readily be transported.
iii) The equipment shall have good power of resolution and
be able to provide an accurate recording of the facial 
dimensions and contours.
iv) The method shall offer a quick recording time.
v) The equipment shall be flexible enough to accommodate
subjects of different physical make-up.
Before the research method was finally selected, a survey 
was carried out to study the various available techniques. 
The techniques reviewed are as below:
1.2.1. : THE CALIPER AND ADHESIVE TAPE METHOD
This is an economical method. It is commonly used to obtain 
body and facial dimensions for a variety of applications.
The technique does not provide information on the facial 
contours and therefore was not adopted for use in the research.
1, 2 . 2 _  : THE STEREOPKOTOGRAMMETRIC METHOD
This is a technique in which the facial contours and dimensions 
can be obtained. The measurements can be obtained by first 
plotting the three dimensional photograph taken by a stereo­
metric camera (i.e. a synchronized pair of identical cameras). 
The contours are plotted by a multiplex plotting instrument 
(Bread L.F. , 1976: Ainsworth II. et al, 1976: Macgregor A.R.
et al, 1971). The technique was not used in this research 
because of the following factors:
i) High degree of accuracy is required in taking the 
photograph.
ii) Special skill and plotting instrument are required 
for carrying out the research.
iii) It requires high investment cost.
1.2.3. : THE LINEAR TRANSDUCER PROBE METHOD
The technique (Figure 3) utilises a linear transducer probe 
to record the facial contour features. The parameter used 
is the contact pressure between the measuring probe and the 
skin tissue of the subject. The detection of the contact 
pressure is expressed quantitatively by the digital read out
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unit. The accuracy of measurement relies heavily on the 
positioning of the datum curve. The method was not adopted 
because of its labour intensiveness.
1.2.4. : THE NON-CONTACT ELECTRO-OPTICAL TECHNIQUE
This method was subjected to exploration of its possible use 
in research. The operational principles of the method are 
illustrated in Figure 4. The proposed light source to be 
used in the method is the finely focussed laser beam of 
several microns in diameter. The light beam generated from 
the helium neon tube is scattered onto the human face and then 
back scattered onto the optical sensor head receiver unit.
The webbed light beam scans at 25 cm per second, with an
_ A
accuracy of probably down to 2.5 x 10 "cm. The signals are 
presented graphically on the screen and measurements of the 
facial contours and dimensions can be extracted at the same 
time by the varying light density detector and the integrated 
digital read out unit (Baker L.R., 1980: Pastorius W., 1979).
The method was not adopted because of the high development cost 
and the possible health risk which may result from the 
exposure.
1.2.5. : THE FUJINON M-OIRE TOPOGRAPHY METHOD
This method was subjected to a great deal of consideration for 
its possible use in this research. The same technique has 
been used successfully in the mass school screening for early 
detection of scoliosis (Inoue S. et al, 1976). The 
operational principles are similar to the projected coloured 
grid technique described in Sub-section 1.2.7. The moire
fringe camera and a typical recording are shown in Figure 2.
The system offered a measuring sensitivity of 5mm and an error 
of less than 5 per cent. The method was not adopted because 
of the high capital and operational cost.
1.2.6. : THE PROJECTED COLOURED GRIP METHOD
This is a modified moire fringe method used in the recording 
of the shape of the human face by the Royal Aircraft 
Establishment (Cobb J., 1972). The operational principles 
are shown in Figure 5. The system utilises a parallel beam 
of coloured strip light projected from both sides of the 
subject's face. On striking the face, the light will produce 
the moire fringe patterns when viewed from an angle. The 
moire fringe patterns on the subject's face are recorded by 
taking a photograph (Plate 1) with the camera positioned at 
the front of the subject's face. The overall root-mean- 
square (r.m.s.) error of the projection of the grid onto the 
face (i.e. any point in the space between the coloured strip) 
is 0.66 mm. This method is advantageous to all the afore­
mentioned techniques because it is relatively cheap, transport­
able and the quantitative data can be extracted with relative 
ease. The method was adopted for the research with additional 
modifications onto the light projection system. The employed 
method is described in Sub-section 2.2.0., under the heading 
of the development of research method.
1.2.7. : THE REASONS FOR THE ADOPTION OF THE PROJECTED
COLOURED GRID METHOD.
i) The method provides simultaneous measurements of
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P la te  1 : The Moire fringe  pho tograph produced by the Royal
A irc ra ft Establishm ent ( R. A. E ) projected co lo u red  
method [ By courtesy of the R.A.E., F arnb orough  ],
facial contours and facial dimensions.
ii) The accuracy offered by the method is within the 
tolerances required in the research.
iii) The equipment can be built at a relatively low cost.
iv) The equipment can be conveniently transported between 
test sites and can be installed and operated easily.
2.0.0. : , DEVELOPMENT OF THE SELECTED TEST METHODS
*
When the research techniques had been identified, the next 
task was to design and build the equipment needed for carrying 
out the research. The development programme has three 
phases:
Phase 1 - To obtain advice and loan of equipment from 
the undermentioned organisations:
Ministry of Defence,
Chemical Defence Establishment,
Salisbury, Wilts.
British Industrial Sand Ltd.,
Development Division,
Ke nme re , Cumb r i a .
Ministry of Defence,
Royal Aircraft Establishment,
Farnborough, Hants.
Safety in Mines Research Establishment,
Health and Safety Executive,
Sheffield, Yorkshire.
R.F.D. Inflatables Ltd., 
Godalming, Surrey.
Phase 2 - To design and build the equipment for the
research.
Phase 3 - To field trial the equipment before use in
the field tests.
2.1.0. : THE DEVELOPMENT OF NaCl TEST SYSTEM
The system consists essentially of an NaCl aerosol generator, 
a testing unit and a monitoring and recording unit. The lay­
out of the test system is shown in Figure 6.
2.1.1. : THE NaCl AEROSOL GENERATOR
The generator consists of a collison atomiser, an air drying 
column and an evaporation tube. The components of the NaCl 
aerosol generator are shown in Figure 7. The collison 
atomiser is mounted onto a transparent plastic bottle which 
acts as a solution reservoir. The bottle is made air tight 
by securing the bottom half of the container to the threaded 
cover onto which the atomiser is attached. The compressed 
air is supplied into the bottle through the top of the flange. 
When the compressed air at 3.3 bar - 3.6 bar (48 psi - 53 psi) 
pressure is fed into the atomiser at a controlled rate of 
12 - 13 litres per minute, the air forces through the nozzel 
head consisting of three equally spaced holes of diameter 0.15 mm
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producing a continuous cloud of spray. The larger droplets 
of the spray are removed by self-impingement onto the body 
assembly of the atomiser, while the small particles which are 
diffusing into the surrounding air will remain airborne.
These airborne wet particles are continuously swept away by 
the air current, to be discharged into the evaporation tube.
On entering the tube, the wet air stream is mixed with a 
larger volume of extremely dry air. This volume of dry air 
is created by drawing fresh room air into a seven stage 
centrifugal pump through a double layer of resin felt pre­
filter, then a column of self-indicating anhydrous silica gel
(12 mm depth) followed by a double thickness of electrostatic
2
resin wool filter (690 gm/M ). The filtered and dried air is 
regulated by a flow control valve located at the downsteam 
of the pump outlet at the rate of 72 - 73 litres per minute.
In the evaporation tube, the air and the vapourous mixtures 
meet, and as a result of the energy exchange, a cloud of dry 
polydispersed Sodium Chloride particles are formed. These 
salt particles have a size range of up to one micron (y) 
with a mass median diameter of approximately 0.6y . The 
partical size distribution of the NaCl crystals is shown in 
Figure 8. The size composition of the salts will remain 
constant as long as the air pressure and flow rate are 
maintained within the tolerance (Clark J.M., 1981 B.S.I.
9
Committee Meeting).
During the carrying out of the field research, two different 
modes of compressed air supplies were used. In test sites 
where factory's compressor air is not accessible, the B.O.C. 
compressed air cylinders were used. The pressure and volume
[  u jiI  ] e p jv iD d  i q d n  j o  id u o B d j p  j s e B u o i
supplied to the atomiser are regulated by the cylinder valve. 
In test sites where factory's compressor air is available, 
the main line pressure is reduced or increased to the 
requirements of the research equipment by means of the 
pressure regulator and the flow control valve. As a measure 
for ensuring that the compressed air meets the breathable 
quality specified by the B.S.I.4275 (1974), it is necessary 
to check the presence and proper functioning of the in-line 
compressed air filters.
The Sodium Chloride solution in the reservoir has to be 
replaced by the freshly prepared solution after six hours 
of continuous use and the collison atomiser has to be 
cleaned after each application.
2.1.2. : THE TESTING UNIT.
The unit consists of a bicycle ergometer (manufactured by 
Monark-Crescent AB., Varberg, Sweden) and an exposure hood.
The hood was made of clear polyvinyl chloride (P.V.C.) large 
enough to enclose the upper part of the subject's body (the 
measurements of the hood are 0.75 x 0.6 x 0.6 metres). The 
NaCl aerosol produced by the generator is fed into the test 
hood from the roof through a 25 mm diameter wire reinforced 
P.V.C. hose. The total length of the hose connecting the 
outlet of the evaporation tube to the roof of the hood is 
approximately 3.5 metres. The roof of the test hood was 
supported by a crossed wire frame, and the latter was attached
to a nylon cord which was railed along the hood support 
onto a spool. The height of the test hood can be adjusted 
to accommodate the subject by winding or unwinding the spool. 
Plate 2 shows the lay-out of the testing unit. Prior to 
the carrying out of the tests, the NaCl concentration in the 
hood is allowed to stabilise for two minutes after the 
continuous generation of the salts. Each test subject is 
asked to wear a reference respirator (as described in Sub­
section 3.1.0.). The respirator has its exhalation valve 
connected to the sampling port of the flame photometer and 
the inhalation valve is connected to a breathing tube which 
terminates at two and a half meters away from the hood.
The subject wearing the respirator is asked to perform a 
series of activities on the bicycle ergometer. These 
activities are:
1) Normal breathing at sedentary for 1 minute.
2) Hyperventilate at sedentary for 1 minute.
3) Turning the head side to side for 1 minute.
4) Cycling at 600 Kilopond metre [ 5.88 Kilo joule ] work rate 
for 11 minutes.
5) Recover from exercise with the mask on for 1 minute.
The purpose of using the bicycle ergometer is to provide a
work form to increase the pulmonary ventilation so that the
leakage test can be carried out under a moderate physiological
-1 5stress. The 600 kpm/min ' (5.88 KJ) work rate was chosen 
for both male and female regardless of age. This work rate 
was obtained by setting the pendulum weight of the ergonometer 
at 2 kilograms (Kg) mark and the subject is asked to pedal a 
track distance of 300 meters per minute (50 complete pedal

turns per minute). The work load of 600 kpm/mirT^ ’ ^  was 
chosen for all subjects because:
a) it provides a base line for all the test participants 
in the later analysis.
b) The 600 kpm/min~^‘^  (5.88 KJ) work rate is within the 
average limit of untrained athletic subjects. A 
trial previously carried out to establish the optimum 
work load required for the research indicated that to 
carry out exercises at 900 kpm (8.83 KJ) for 1.5 
minutes with the respirator donned is beyond the 
physical endurance of most subjects and in particular 
the older and female subjects.
A comparison study carried out on the breathing resistance 
between the reference respirator used in the research and 
the conventional approved respirators indicated that the 
inhalation resistance of the former is less than 10 mm of 
water gauge (wg) while the exhalation resistance is slightly 
higher than the specified requirements of 12.5 mm wg. The 
latter value can be ranged from 10 to 30 mm depending on the 
volume of the exhaled breath. The slight increase in the 
exhalation resistance will offer no significant effect to 
the experimental results because:
1) The flame photometer extracts only a small fraction 
of the exhaled breath and the surplus sample is 
discharged via the exhaust tube of the equipment.
2) Any outward leakage caused by the increase in
exhalation resistance does not interfere with the
inward leakage test because fresh air is available 
to the subjects through his or her lung pressure to
draw in the air via the breathing tube.
2.1.3. : THE MONITORING AND RECORDING UNIT.
The unit consists of a hydrogen flame photometer, a pene­
trometer (Plate 3), and a chart recorder as shown in Plate 4.
When the leakage test is carried out, the participant draws 
in the NaCl free air from the near environment through the 
inhalation valve, while the exhaled breath is passed through 
the exhalation port, then into a sampling tube connected to 
the flame photometer, as shown in Figure 9. This exhaled 
air when passing through the exhaust tube of flame photometer 
is continuously sampled by the detection system. The volume 
of air sample drawn into the combustion chamber for analysis 
is less than the volumetric breathing rate of the subject, 
the excess air is vented into the atmosphere via the exhaust 
tube. To assist the continuous discharge of the unwanted 
air, a constant flow of clean air at a rate of 15 litres per 
minute is fed into the injector located inside the exhaust 
tube. The continuous discharge of air through the exhaust 
tube prevents any NaCl contaminated air from being drawn back 
into the sampling port of the combustion chamber and reduces 
the unnecessary build-up of the exhalation resistance.
Before the traces of NaCl present in the exhaled breath can 
be detected, the air is drawn into the vertical optically 
homogenous flame tube, which is positioned vertically to house
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P la te  3 : The NaCl penetrometer f  Manufactured by
Chemical Defence Estab l ishment Sa l isbu ry  ].
P la te  4 : The chart recorder I  Manufactured by
R ik a d e n k i  Kogyo Ltd.  Japan ] .
the hydrogen burner. The air sample is drawn into the 
burner by the convection current provided by a gas injector, 
any presence of NaCl particles in the exhaled breath is burned 
by the flame. Any excitation of the sodium atoms by the 
hydrogen flame will produce the characteristic yellow sodium 
emissions at wave length 589 nm. The intensity of the 
emission is proportional to the quantity of NaCl present in 
the air sample. The light emission is first collected by 
the mirror before it is focussed onto the cadium sulphide 
cells of the similar wavelength by a lens. The output from 
the cells is detected by the penetrometer whose read-out is 
in micro ampere (uA) which is then relayed to the recorder.
Prior to carrying out the research, the penetrometer had to
be calibrated because of the non-linear response of the
detector. This calibration was carried out by the Ministry
of Defence at the Chemical Defence Establishment in Salisbury.
This was done for the instrument used in the present study
and the calibration curve so obtained is given in Figure 10.
During calibration, it was necessary to ensure that the
current passing through the cells was related to the NaCl
3
concentration of over a range of up to 10 mg/M , so that any 
face seal inward leakage between 100 per cent and 0.01 per 
cent can be detected readily.
During the carrying out of the leakage experiment, the chart 
recorder had to be calibrated against the penetrometer so 
that the recorder response is proportional to the penetrometer 
read-out. The sensitivity of the penetrometer used through­
out the research was x 1000.
A10
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Figure 10 : A typical calibration curve of the NaCl
penetrometer . [  Ref : Clark J. M. 1981 -
C.D. 8U32 1 1 ].
Before the inward leakage test is carried out, the exposure 
hood has to be charged with a known concentration of NaCl 
test aerosol. This is achieved by first allowing the NaCl 
aerosol in the hood to be stabilised for two to three minutes. 
In order to measure the concentration, the penetrometer 
reading is set to zero. This zero reading is obtained by 
allowing the NaCl free air to be drawn into the flame 
photometer and this value represents zero per cent of 
exposure. The full penetrometer deflection is obtained by 
allowing the sampling tube to draw in sufficient amount of 
NaCl contaminated air from the hood atmosphere. This full 
scale deflection is taken as 100 per cent exposure in the test 
hood. The current output.(uA) indicated by the penetrometer 
deflection is expressed as microgram of NaCl, using the log 
normal calibration graph shown in Figure 10.
During the course of the research, this method of checking 
the NaCl concentration in the test hood was carried out on 
each subject. The results of the face seal inward leakage 
recorded on the chart were extracted by determining the areas 
below the curves. The areas were calculated by counting the 
number of squares (100 squares per square inch) enclosed at 
the given time factor. The area (time x concentration) 
obtained represents the dose. The calculated dose was com­
pared with the known calibrated dose (x no of squares per 
square inch) to obtain an accurate result of the leakage.
The accuracy of the method was confirmed by a zero setting 
compensating polar planimeter (manufactured by W. F. Stanley 
Ltd., London). The accuracy of this measuring technique
is -2.5 per cent. (Ten recordings were studied).
2.2.0. : THE DEVELOPMENT OF THE PROJECTED COLOURED GRIDS
METHOD
The image projection principle of the method is based on 
the Royal Aircraft Establishment (R.A.E.) coloured grid 
method (Lovesey E.J., 1974: Cobb J., 1972). In order to
meet the objective of the research, the R.A.E. half face 
method has to be modified to provide a full face recording.
The new system consists of a pair of each of the following:
1) 33 mm slide projectors (supplied by Boots Ltd.).
2) 30 cm diameter telecentric lenses (supplied by The 
Optical Work Ltd., Ealing).
3) silvered mirrors of measurements 30 cm by 40 cm.
Each piece of equipment is placed on an adjustable support 
located onto the pre-marked floor template. The height of 
these supports can be adjusted to accommodate the varying 
sitting height of all subjects. To overcome the non­
uniformity of shopfloor in the various test sites, the level 
adjustors are incorporated into the supports.
Before the recording is carried out, the equipment is 
arranged according to the plan shown in Figure 11. V/hen the 
coloured grids (Plate 5) are projected from the projectors 
(Plate 6) at an angle of 27 degrees into the mirrors, the 
projected images on striking the mirrors will be folded at an
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P la te  5 : The coloured grid used in the projection
of the moire fringe patterns .
P la te  6 : The 35  mm Boots s lide  projectors used in
the projection of moire fringe patterns.
angle of 67 degrees. The purpose of folding the images is 
to reduce the distance of the light paths so that the use of 
the floor area can be minimised. Before the folded images 
reach the subject's face, they have to be beamed through 
the piano convex telecentric lenses positioned in the optical 
light paths. These lenses correct the error of divergence 
of the light beams travelled from the projectors so that a 
parallel band of coloured stripes can be produced.
When the beams have emerged from the telecentric lenses, they 
strike on the side of the subject's face at exactly one meter 
away from the lenses. These beams when striking the face 
will produce a series of repeated coloured stripes. These 
coloured stripes are specifically designed so that a good 
contrast can be produced for easy identification. The 
colours chosen are: white, green, red, yellow, and blue, in
that sequence. Each coloured stripe is divided by the 
horizontal axis forming a pattern of 5 mm x 5 mm coloured 
squares. Each square along the white coloured stripe is 
marked by a number, so that the facial dimensions can be read 
with relative ease. Along the horizontal axis, alphabetic 
markings are printed at regular intervals (at every 10th 
square). These horizontal markings together with the coloured 
stripes, provide easy identification of the contours and 
dimensional measurements. These coloured light stripes when 
viewed from 90 degrees to the subject will produce a full face 
moire fringe pattern as shown in Plate 7.
The moire patterns which were projected on the subject's face 
were recorded by colour exposure slides. The photographs 
were taken using a 35 mm camera (Praktica Nova IB) equipped
A photograph showing the full face m oireP la te  7
frin g e  p a tte rn s .
with a telephoto lens of focal length f = 135 mm. To assist 
later analysis, the position of the camera is fixed at 220 cm 
away from the subject (this distance is at the object infinity). 
The aperture and the shutter speed of the first exposure is 
fixed at f/4 and 1/30 of a second respectively. Before the 
photograph is taken, the subject is asked to sit in an erect 
posture with the chin firmly rested onto a head rest. The 
white background is slightly illuminated and the room lighting 
is brightened by two 40 watts light bulbs. A second exposure 
at f/4 and 1/15 second is taken for each subject, and the 
better of the two is used for the facial characteristics 
measurements.
Prior to carrying out the recording, the projected images 
from the two projectors have to be made superimposed at the 
point where the subject is sitting. To ensure that the two 
projected light paths are superimposed, a calibration graticule 
(Plate 8) is used. The graticule is made from an opaque 
white P.V.C. template with the horizontal straight line drawn 
across the mid point of the template. On the upper half of 
the template, four randomly selected squares are chosen to 
provide the datum for the calibration. Each square has a 
dimension of 5 mm by 5 mm and the area within each square 
marked with a black adhesive tape. During the calibration 
process, the graticule is placed at the point where the head 
rest is to be located. By projecting the grids one at a 
time, any misalignment of the light paths is able to be 
detected. The adjustment of the light paths can be made by 
fine focussing of the projector lenses and the height 
controller. By this method of control, the two images can
mmmm
be made to superimpose to an accuracy of within 0.5 mm.
2.2.1. : THE MEASUREMENT OF THE FACIAL DIMENSIONS AND
FACIAL CONTOURS
When the facial characteristics have been recorded, the 
information required has to be extracted from the recorded 
coloured slides. The reproduction of the recorded image 
to the original size is carried out by reprojecting the 
slides onto a white background rigid board positioned 
vertically at a distance away from the projector. The latter 
is seated onto a mobile trolley so that a fine adjustment 
can be made to obtain the original size of the image. The 
accurate reprojection of the image is achieved by fixing a 
scaled 1:1 ghosted view of the frontal drawing of the head 
rest onto the white rigid board. When the slide's image 
strikes the outlined drawing of the head rest, adjustment is 
made to superimpose the recorded image onto the area just 
within the outlines of the drawing. By this method of image 
reproduction, an error of less than 1 mm can be achieved.
2.2.2. : THE FACIAL DIMENSIONS
When the image has been projected onto the calibrated board, 
the two essential facial dimensions measured are the lip 
length and the face length. These dimensions are shown in 
Figure 12. The measurement of the dimensions are carried 
out using a pair of spreading and sliding calipers. The
results obtained are recorded onto a recording form shown 
in Figure 14.
2.2.3. : THE FACIAL CONTOURS
In the measurement of the facial contours, the recorded image 
of the subject is projected in a«similar way as in the facial 
dimensions study. To aid the objective comparison of the 
facial contours of the test subjects, three facial landmarks 
are chosen to be the measuring datum. These three landmarks 
are the nasal root (Q), Mid face (R), and the mid lower face 
(S ). (Figure 13). (The landmark Q is at the point of nasal 
depression, R is at the end of the nose and S is the mid point 
between the lower chin and landmark R ) . Prior to carrying 
out measurement of the facial contours, it is necessary to 
establish a number of reference points within the critical 
parts of the subject’s face. These reference points are 
created by first drawing three horizontal straight lines 
across the landmarks Q, R and S; these lines are drawn 
parallel to the pre-calibrated horizontal lines produced by 
the coloured grids. The reference points are established 
when the lines extended from the landmarks are dissected by 
the pre-calibrated vertical colour bands. The width is 
measured of each vertical colour band intersected by the 
horizontal lines extended from the landmarks. The width 
measured from each intersected colour band represents one 
fraction of the facial contour under study. The nasal root 
is given eight fractions while the mid face length and the 
mid point of the lower face length are given sixteen fractions 
each. The number of fractions allocated to each measuring
Face
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Figure 12 : The facial dimensions measured : Face length 'and 
Lip w idth .
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Figure 13 : The three created facial measuring datum Q , R and S.
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Figure 14 : A typical specimen of the completed facial characteristics
recording form.
datum is determined by the average face width and the area 
in which the facial contours are to be measured.
During measurement of the facial contours, any facial surface 
with a significant variation in gradient will be detected by 
an increase or decrease in the colour band width. Any 
unmeasurable band width due to steep gradient is taken as 
zero value. The measurements obtained from each subject 
are recorded onto a recording form as shown in Figure 14.
Each individual recording form contains the name, sex, facial 
dimensions and the measurements of all the facial contour 
points. All measurements were taken by one worker (the 
author) in order to minimise the operator error.
The extraction of the contour measurements from the recorded 
coloured slides was possible due to the creation of the 
moire fringe on the subject’s face by the optical paths 
generated by the light projection system. The width of each 
of the optical light paths on the subject's face provide an 
indication of the facial gradients presented. To illustrate 
the contour profiles from the recorded quantitative values, 
a graph containing the fixed arbitrary value 'Y' can be 
plotted against the facial contour measurements in millimeters 
(Figure 15). The same results obtained can be also plotted 
into curves to illustrate the facial profiles of each 
individual subject as shown in Figure 16.
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Figure 15 : Typical graphical presentation of the facial
contours.
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Figure 16 : Typical facial contour profiles of test subjects.
3.0.0. RESEARCH PREPARATION
Several experiments were carried out to provide the 
foundations for the field research. The objectives of 
these experiments were:
(1) To select a reference respirator for the entire
field research.
(2) To invite suitable Companies to participate in the
research, and also to arrange for the facilities 
which were required for the research to be conducted
(3) To devise appropriate questionnaires to obtain the
necessary background information.
(4) To determine the amount of NaCl particles retained
by the human respiratory airways and test systems.
(5) To quantify the air requirement of the participants
when carrying out the research experiments.
Experiment : Reference respirator selection test
3.1.0. : THE SELECTION OF REFERENCE RESPIRATOR.
The selection of a single respirator for the field 
research was a priority in the research preparation. The 
aim was to provide a base line for the comparison of results 
obtained from the field research. This undertaking was 
necessary because of the large variety of different respirator 
designs available in the U.K. It is not practical to carry 
out leakage tests using a range of different respirators in 
the field, nor is it representative enough to select a 
respirator from the range without subjecting them to a 
realistic selection programme. The procedures described in 
the following paragraphs are aimed therefore at an objective 
selection of a single half mask respirator. In order to 
achieve the above objective, a programme was devised to obtain 
a respirator which is acceptable to the majority of wearers. 
During the course of the selection programme, eighteen half 
mask respirators of different design were purchased from the 
various respirator distributors and manufacturers. The 
designs of these respirators vary considerably; they range 
from the disposable surgical dust masks, to the reusable 
chemical cartridge half mask respirators. Many of these 
devices are valveless respirators, and they do not conform 
to the specifications given in the B.S.I. 2091 (1969).
During the preliminary selection test, seven of the eighteen 
respirators were chosen on their technical merits. (The 
selection criteria were based on the standards given by 
B.S.I. 2091 (1969)). These respirators represent the 
majority of the manufacturers recommended by the Health and 
Safety Executive (H.S.E., 1977), and they were intended for
use against toxic dusts and gases. Before a respirator 
was chosen from the seven selected devices, an anthropo- 
metrically selected test panel had to be formed to provide 
realistic assessment of their performances, so that the 
chosen device would represent the universally accepted 
respirator amongst wearers.
During the setting up of the test panel, the face length 
(nasal root depression to the lowest point of the chin) and 
lip width (mouth width) were used as the selection criteria. 
These key dimensions are chosen because of their influence 
on the protection factor of respirators (as the sealing 
surfaces of the respirators are lying on the areas of the 
face defined by the above dimensions are also recommended 
by the American Industrial Hygiene Association (A.I.H.A.) 
and the American Conference of Government Industrial 
Hygienists (A.G.C.I.H.) and the Standard Association of 
Australia (A.S.1715-1975) for the design of half mask 
respirators. Although there is no indication of these 
dimensions having been used in the design of civilian 
respirators, they have been successfully incorporated into 
the design of military respirators (Emanual I. et al, 1959).
The initial step in the establishment of the test panel was 
to create a lower and upper limit for each of the key 
dimensions. In the course of creating the limits, several 
anthropometrical studies carried out in the past were consulted. 
These studies include the military statistics obtained from 
the United States Air Force (U.S.A.F.) personnel, (Hack A.L., 
McConville J . , 1978: Clauser E.C., 1972) and the Royal Air
Force (R.A.F.) personnel, carried out by the Royal 
Aircraft Establishment (Bolton C.B., et al, 1973). The 
military statistics are used in the establishment of the 
facial limits, because there is an absence of similar 
statistics in the industrial population in the U.K.
In ensuring that the military statistics will offer 
accommodation to the varying facial characteristics that 
exist in industry, two standard deviations are added to and 
subtracted from the facial dimensions to provide the upper 
and lower limits for the male and female workers respectively. 
(Hack A.L. et al, 1978). The facial limits created are 
shown in Table 1.
When the limits have been created, the two facial limits are 
divided into twelve facial categories, as shown in Figure 17.
Each size category is given a dimension of 6.7 mm. on the lip 
width and 10.9 mm. on the face length. The two extreme 
categories in the panel enclosing the short lip with long 
face, and the short face with long lip are deleted from the 
panel rectangle. These two categories represent approximately 
5 per cent of the population (Hack A.L. et al, 1978), the 
remaining ten categories will therefore offer accommodation to 
95 per cent of the workforce. These ten categories of the 
panel rectangle are shown in Figure 18.
When the panel rectangle had been established, volunteers were 
invited from R.F.D. Inflatables Ltd. and the University of 
Surrey to take part in the research experiments. The two
Facial measurements 
Male [ R AF ]
Mean 
[ x ] 
mm
Standard Deviation
[ s. a ]
Upper limits 
[ x 4- 2 S.D] 
mm
Face length 125.4 6 .2 137.8
Lip width 47.9 3 .9 55 . 7
Facial measurements Mean Standard Deviation Lower limits
Female [ U S A F ] [ x 1 I S. D. ) [ x -  2 S .D .]
mm mm
Face length 106.3 6 .1 94.1
Lip width 43.8 4 .1 35 . 6
Table 1 : The facial limits created for the recruitment of test
panellists to be participated in the reference respirator
selection test.
Up width [ mm ]
35.6 42.3 49.0 55.7
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Figure 17 : The twelve facial categories derived from the
created facia l lim its .
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Figure 18 : The ten categories of panel rectangle which covers 
approximately 95 %> of the working population [Ref 
Hack A. L et al 1978 ] .
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Group 5 
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1 subjects
Group 6 
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Group 10 
3 subjects
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Group 11 
1 subject
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2 subjects
Group 8 
2 subjects
Figure 19 : The number of test panellists allocated in
each of the created facial groups [ Ref : Hack 
A.L et al 1978 ].

Ikey dimensions of the subjects were measured by a 
pair of spreading and sliding calipers (manufactured 
by Holtain Ltd.), as shown in Plate 9.
Those subjects who possessed suitable facia.1 
dimensions as required by the panel rectangle were 
placed into the appropriate boxes to represent the 
particular facial size category. The number of 
subjects allocated in each size category was determined 
by an approximation of the population distribution 
(Hack A.L. et al, 1978). The number of subjects used 
to represent each size category is given in Figure 19.
A total of twenty-four male and female subjects were 
chosen from the volunteers, and they were of good health and
physical fitness, as reported subjectively by themselves.
These subjects were between the age of 17 and 55 years, and 
were absent from any facial blemishes, facial deformities 
and facial hair.
Before the experiments, each subject was instructed in the 
proper use of respirators. The subjects were allowed to 
choose a respirator from the seven selected samples, one at 
a time during the test. Each of the respirators subjected 
to the selection test was modified to meet the requirements 
of the test system. The filter medium of each device was 
replaced by a hose adaptor, so that it could be used to 
accommodate the fresh air hose. Similarly, the exhalation 
ports of the respirators were connected by a tailpiece to 
accommodate the sampling tube connected to the flame photo­
meter. These modified respirators are shown in Plate 10.
Each subject was asked to perform the activities given in 
Sub-section 2.1.2. A rest pause of five minutes interval 
was given to the subject on completion of each test, and the 
selection test was carried out in a continuous operation from 
start to finish. The results obtained are given below.
3.1.1. : THE RESULTS OF THE REFERENCE RESPIRATOR SELECTION
TEST
The task of selecting the resnirator with the best performance 
was carried out by using a test panel of twenty-four volunteers. 
This group comprised twenty male subjects and four female
Respirator A Respirator ' B
Respirator Respirator ' D
Respirator E ' Respirator F
t r ia ls ,Plate 10
Respirator
; The seven selected respirators for the face fit
[ Key : see Appendix 6 ]
subjects. Each of these subjects was asked to wear all 
seven respirators chosen for the trial one at a time, and 
while wearing the respirators they were asked to perform 
the various exercises specified (as given in Sub-section 
2 .1 .2 .).
The results obtained are shown in Table 2. Amongst the 
seven respirator samples, respirator ’ G ’ achieved the least 
face seal inward leakage. The corrected inward leakage was
7.2 per cent with S.D.- = 7.2. Respirator 'D' obtained the 
highest leakage value amongst the test samples. The 
corrected inward leakage was 17.0 per cent S.D.- = 6.2. The 
mean corrected inward leakage of all respirator samples
+ =  2 9
obtained by the test panel was 11.6 per cent with S.D. -
Using the best respirator (reference respirator) the male 
subjects (n = 20) achieved a mean corrected inward leakage of
5.3 per cent with S.D. - = 3.7, whilst the female subjects 
(n = 4) obtained a mean corrected inward leakage of 16.2 per 
cent with S.D. - = 6.1.
During the course of the experiment, several subjects found 
that the head bands of respirators ’A ’ and 'B1 were unsuitable 
for the shape of their heads, as they were constantly slipping 
off.
The facial dimensions obtained from the test panel (i.e. lip 
length and face length), shown in Table 4, indicated that 
there was a reasonable agreement with the facial limits 
obtained from the R.A.F. and U.S.A.F. personnel. Table 3 
shows the comparison of the limits.
Test subject Facial group
FACE SEAL INWARD LEAKAGE OF SELECTED RESPIRATORS [ V .l
Sample A Sample B Sample C Sample D Sample E Sample F Sample G
1 2 6.8 6.8 1.7 8.3 7.1 8.9 0.7
2 * 3 10.5 14.8 9.8 10.2 9.8 18.2
3 3 4.3 1.1 *.3 4.8 4.6 5.0 0.9
4 * 3 5.2 4.5 4.6 5.2 5.6 5.4 1.0
5 ♦ 4 8.3 — 7.4 4.1 8.9 8.7 8.7
6 ♦ 4 5.1 — 5.1 7.3 4.1 4.6 10.0
7 5 4.7 3.7 4.0 7.9 22.0 0.4 2.0
8 5 4.1 39.8 25.1 39.8 4.6 4.1 2 .2
9 6 5.8 3.7 3.5 5.8 4.3 3.5 0.8
10 6 5.0 2.2 9.8 11.2 10.5 5.0 9.9
11 6 5.5 5.0 4.7 4.9 2.6 5.3 1.5
12 6 4.9 4.5 5.3 47.9 4.6 4 .6 5.0
13 7 — 5.1 5.6 6.0 2.7 5.5 0.5
14 7 9.5 9.1 10.2 5.0 10.2 1.0 9.5
15 7 6.3 6.5 7.3 3.4 6.5 7.3 6.6
16 7 6.5 7.6 7.1 3.4 3.4 3.4 1.5
17 8 8.3 3.5 3.5 2.9 3.5 3.6 1.8
18 8 0.5 4.5 4.5 5.3 1.1 4.9 4.3
19 9 11.8 11.2 1.1 9.6 27.5 10.7 1.6
20 9 8.4 7.8 9.0 7.7 4.0 8.2 4.3
21 10 0 3.2 7.1 7.1 15.9 7.1 0
22 10 2.2 9.1 2.2 11.0 11.0 2.2 4.9
23 10 10.2 — 5.3 10.7 1.0 1.0 1.6
24 11 9.6 9.6 9.1 9.8 1.0 10.2 2.3
Mean inward leakage [*/•] 6.2 [3.1] 7.4/8.7 7 6.8 (5.0) 9.9 (10.6) 7 .4 / 6.6] 5 A (2.9) 4 .2 /A.4 )
True mean inward leakage 
t */. ]
10.7 12.7 11.7 17.0 12.7 93 7.2
♦ Female
/  ] S.D.t Table 2 : The face seal inward leakage of the seven selected respirators.
Facial measurements 
[ mm ]
Mean 
[ X ]
Standand 
Deviation 
[ S . D . t )
Upper limits 
T x + 2  S.D. ]
R A F personnel [ male]
Face length 125.4 6 . 2 137 .8
Lip w idth 47.9 3.9 55.  7
Test panel [ male ]
Face length 119.4 8 .4 136 .2
Lip width 47.4 4 .0 55 . 4
Facial measurements Mean Standard Lower limits
[ mm ] [ X ] Deviation 
[ S. D.t]
[ x -  2 S.D. ]
U S A F personnel 
[ female ]
Face length 
Lip width
106.3
43.8
6.1
4.1
94 .1 
35 . 6
Test panel [ female ]
Face length 108.3 5 .8 96 . 7
Lip width 40.3 1.9 3 6 . 5
Table 3 : The comparison of facial measurements between the
R A F - U S A F  personnel and the selected test panel
Test subject Facial group
Facial measurements [ mm ]
Lip width Face length
1 2 41.0 119.0
2 ♦ 3 41.2 115.0
3 3 42.0 111.0
4 ♦ 3 42.0 113.0
5 ♦ 4 37.0 103.0
6 ♦ 4 41.0 102.0
7 5 45.0 131.0
8 5 4 6 . 0 128.0
9 6 4 7 . 0 118.0
10 6 4 6 . 0 117.0
11 6 4 9 . 5 122 .0
12 6 4 6 . 0 117.0
13 7 4 6 . 0 116.0
14 7 4 4 . 0 114.0
15 7 4 6 . 0 114.0
16 7 46 . 1 116.0
17 8 4 7 . 0 102.0
18 8 4 5 . 0 105.0
19 9 5 2 . 0 134.0
20 9 5 2 . 0 134.0
21 10 5 2 . 0 116.0
22 10 4 6 . 3 126.0
23 10 5 8 . 5 126.0
24 11 50 .0 122 .0
♦ Female
The mean measurements of male : Lip width = 47.4[S.D.±]=4.0]
Face length = 119.41S.D.± ] = 8.4 ]
The mean measurements of female: Lip width = 4 0 .3 IS.D±] =1.9]
Face length = 108.3 [S.D.±] =5.8]
Table 4 : The facial measurements of the twenty four test
panellists.
Before the reference respirator was selected, the results 
obtained in Table 2 were subjected to Kruskal-Wallis (one­
way analysis of variance) rank test. The test indicated 
that each of the seven masks chosen for the test varied 
significantly (T = 15.38, Df = 6, and P = 0.018).
Further non-parametric statistical treatment carried out 
using Willicoxon matched pairs signed rank test (two tailed 
test) showed that no significant difference between respirators 
F and G (the two masks that performed best) was found 
(T = 100.5).
However, respirator G was ultimately chosen to be used in the 
field research because it produced a lower mean value of 
true face seal inward leakage between the two samples (i.e. 
the mean of respirator F = 9.30, and the mean of respirator G 
= 7.2) .
CONCLUSIONS
1) The face seal inward leakage of the H.S.E. approved 
half mask respirator ranges from 0 - 47.9 per cent.
The results were obtained by a panel of 24 subjects 
selected anthropometrically, and these panellists 
were asked to perform five different activities whilst 
carrying out the experiments.
2) Respirator G, with the lowest mean value of true 
face seal inward leakage (7.2 per cent) was chosen to 
be the reference respirator used in the entire field 
research.
3.2.0.___:__ ORG A_N IS ATI ON OF THE FIELD RESEARCH
Out of a total of 10 British manufacturing or service 
companies that were approached to provide facilities for 
testing their personnel, only 4 agreed to participate.
These were:-
* R.F.D. Inflatables Ltd., Godalming, Surrey.
* Beechams Pharmaceuticals Ltd., Worthing, West Sussex.
* The University of Surrey, Guildford, Surrey.
* The Associated Octel Co. Ltd., Ellesmere Port, South 
Wirral.
A total of 394 volunteers were recruited from these organisations 
and of which 184 persons volunteered for the face seal inwards 
leakage test, as well as providing recordings for the facial 
characteristics.
The remaining 210 volunteers provided only recordings of 
their facial characteristics.
RESEARCH INFORMATION
(1) The effects of physical exercises on face seal
inward leakage.
(2) The effects relating to the presence of facial
hairs on the face seal inward leakage.
(3) The effect of the provision of formal training on
the face seal inward leakage.
(4) The influence of respirator comfort factor on the
face seal inward leakage.
(5) The influence of the wearer’s experience on the
face seal inward leakage.
3.3.0. : THE RESEARCH INFORMATION COLLECTING SYSTEM
During the course of the field research, any information 
required from the research participants had to be obtained 
quickly and with ease, so that interruption to work schedules 
were minimised.
The personal information of each subject taking part in the 
research was collected by means of a questionnaire. Before 
the commencement of the experiments, each subject was asked 
to sign a declaration form issued to him or her (Figure 20). 
The aim of this form was to ensure that the subjects under­
stood the voluntary nature of the research and also to 
obtain confirmation regarding their state of health. On 
completion of the face seal inward leakage test, each subject 
was asked to fill in a questionnaire, as shown in Figure 21.
FACE SEAL INWARD LEAKAGE EXPERIMENT -
NaCl aerosol test .
Please read this form carefully before you sign 
below
I agree to participate in the above test and I 
understand that I could terminate the experi­
ment at any stage I wish .
I confirm that I am in good health and I do 
not possess any symptom of pulmonary and 
cardiac ill health now nor do I have any past 
history of such symptom .
Signed :
Date :
Figure 20 : The declaration form
RESEARCH QUESTIONNAIRE
Name : No : Date
Company ;
Please tick the appropriate box
1 . The hazards you are normally faced with :
Gases □  Vapours | [ Gases & Vapours □
Dusts □  Fumes I I Gases 8c Dusts □
2 . The properties of the airborne contaminants are :
Highly toxic □Nuisance Toxic I I 
Oxygen deficiency I I
3 . You have been using respirators for :
1 Year 1 1 1 -  5 Years I I Over 5 years
Never used one □
4 . P lease give a comfort rating to the reference respirator :
□
I v-Highly
uncomfortable
H----1----1---- 1----1----1-  1 Highly
comfortable
5 .  Please circle the type of facial hair which is similar to the 
one you have .
None
Moustaches
Small
Beards \c=>
Small
F/ ~  t
V
w .
Large
T i l
Full-short
Large sideburns
Full - long
Figure 21 Research questionnaire
The questionnaire was designed to provide an indication of 
the level of individual experience in the use of respirators. 
This experience is expressed as one year, one to five years, 
or over five years. The subjects were also asked to tick 
in the appropriate boxes the type of airborne hazards they 
normally encountered at their workplaces; the questionnaire 
includes dusts, gases and fumes, with a different level of 
risk factors. The subjects were also asked to provide 
scores on the comfort factor of the reference respirator used 
in the research, and the general comments regarding the use 
of respirators. Record was also made of the style of facial 
hair and its coverage of the subject’s face. These facial 
hairs were classified into'moustaches, beards and sideburns 
(see Figure 21).
The results extracted from the research questionnaire were 
given under the following headings:
* The effects of physical exercises on the face seal 
inward leakage (Sub-section 3.3.1.).
* The effects relating to the presence of facial hair on 
the face seal inward leakage (Sub-section 3.3.2.).
* The effects of the provision of-formal training on the 
face seal inward leakage (Sub-section 3.3.3.).
* The influence of respirator's comfort factor on the 
face seal inward leakage (Sub-section 3.3.4.).
* The influence of the wearer's experience on the face 
seal inward leakage (Sub-section 3.3.5.).
3.3.1. ...THE__E_Fj e CTS OF PHYSICAL EXERCISES ON THE FACE
SEAL INWARD LEAKAGE
A detailed description of the preparation of the experiments
has been presented in the aforementioned paragraphs. The
results are summarised in Table 5. The mean face seal
inward leakage obtained from the 160 test subjects (male =
117 and female = 43) indicated that as the work rate of the
subjects increases, the face seal inward leakage will also
increase. The movement of head from side to side was shown
to encourage a large increase in the NaCl penetration into
the respirator via the face seal. The amount of leakage
caused by the head movement is more than twice the quantity
obtained from normal breathing. Although the relationship
between work rate and NaCl penetration is not linear, the
increase in the respiratory rate of subjects is related to
a consistent increase in NaCl penetration. During hyper-
- 1 5ventilation and cycling at 5.88 KJ /min ’ , the NaCl 
penetration was approximately one third of the normal amount.
A comparison on the parameter of the work rate against the 
face seal inward leakage has been presented in Sub-section 
3.5.0.
In the comparison of the male and female face seal inward 
leakage, the Variance Ratio Test (Snedecor’s F-Test) was 
carried out to investigate the magnitude of the significance 
of the sample variances. This test carried out at 5 per cent
TRUE FACE SEAL INWARD LEAKAGE [ •/. ]
Test subjects
Normal 
breathing.
Deep
breathing.
Moving the head 
from side to side.
Cycling at 5.88 
KJ /m in_1>5
Recovery from 
exercises.
University of Surrey.
Male ( n = 25 ) 3.3 7.2 5.2 4 .6 5.3
Female ( n = 19 ) 5 .7 6.9 5.5 7 .9 6.5
RFD Groups Co. Ltd.
Male ( n = 32 ) 3.1 5.0 5.8 4 . 6 5.5
Female ( n = 12 ) 7.1 6.5 12.7 6 .7 10.5
Beechams Pharmaceuticals 
Ltd.
Male ( n = 10 ) 3.6 4 .5 11.5 6.2 6.9
Female ( n = 12 ) 5.9 10.4 10.5 6.7 7.6
Associated Octel L td .
Male ( n = 50 ) 1.9 2.1 2.6 1.9 2.1
Female —
Mean face seal inward 
leakage .
Male ( n =117) 2.7 4.2 4.8 3.6 4.1
( S .D . ) 0 .7 1.9 3.5 1.7 2.0
Female ( n = 43 ) 6.2 7.8 8.9 7.2 7.9
( S. D .i) 0.6 1 8 3.1 0.6 1 .7
Mean face seal inward
leakage .
Male and Female
( n = 160 ) 3.6 5.2 5 .9 4.6 5.1
( S . D . t  ) 1.9 2.7 3 .6 1.8 2.7
Table 5 : The true face seal inward leakage of 160 test subjects.
level of variance ratio (F) and with degree of freedom (d.f.) 
indicated that the difference between the two variances 
was found to be significant enough to warrant the application 
of Student t-test. The t-test at 5 per cent points of t 
distribution indicated that the face seal inward leakage of 
the female subjects is significantly higher than the male 
(see Table 17: Test of Significance).
The graphical presentation of the male and female results 
is also shown in Figure 22. A typical recording of the 
face seal inward leakage at the different exercises is shown 
in Figure 23.
3.3.2. : THE EFFECTS OF THE PRESENCE OF FACIAL HAIR ON
THE FACE SEAL INWARD LEAKAGE
The results of this comparison study were obtained from 
the field experiments and the information of the type of 
facial hair on each of the individual faces was extracted 
from the questionnaire, as given in Sub-section 3.3.0.
The number of male volunteers recorded in this study was 
117 persons.
The results obtained were presented graphically in Figure 
24. The number of persons with moustaches and beards 
recorded were 17 and 11 respectively. Amongst these 
individuals, all moustaches presented were between small to 
medium, and all the beards recorded were of the full short 
type. No other type of facial hair classified in the 
questionnaire were recorded, other than those given above.
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The results were therefore classified into three main types: 
Subjects without moustaches and beards, subjects with 
moustaches and the subjects with beards (Table 6).
The application of Student 't* test (Test of Significance) 
on the results showed that at 5 per cent points of the 1t 1 
distribution (p = 0.05), the difference in the results obtained 
from the subjects who possess beards and those without a 
beard indicated to be significant (see Table 17: Test of
Significance). The formulae used in the test for 
significance was given in Appendix 7.
The test for significance between the subjects with and 
without moustaches was also carried out. The Null hypothesis 
established applying p = 0.05, indicated that the difference 
in the means between the two groups was shown to be insignif­
icant. Therefore the face seal inward leakage of subjects 
possessing beards is definitely higher than those without a 
beard and the presence of moustaches does not have a serious 
effect on the face seal inward leakage.
3.3.3. : THE EFFECTS OF THE PROVISION OF FORMAL TRAINING
ON THE FACE SEAL INWARD LEAKAGE
The procedures of the face seal inward leakage experiments 
carried out to obtain these results were presented in Sub­
section 3.3.0.
Amongst the volunteers who participated in these research 
experiments, the employees of Associated Octel Ltd. were the
only group of test subjects who received formal training in 
the use of respirators. Employees of other companies taking 
part in the research were not formally trained to use 
respirators, although the equipment was issued by their 
managements. Therefore a comparison study between the 
trained and the untrained respirator wearers can be made.
The results obtained from the two different groups of 
wearers were given in Table 7. A plotted graph showing the 
comparison of these results were also given in Figure 25.
In order to establish statistically that trained wearers 
performed better than the untrained, paired observations using 
Student t-test were carried out. The formulae used in these 
were given in Appendix 7.
The test using 5 percentage points of t-distribution indicated 
that the Null hypothesis of equality of means was rejected. 
Therefore the face seal inward leakage of the trained male 
respirator wearers in this research was definitely lower than 
the results obtained from the untrained male and female 
respirator wearers.
The comparison of the male and female results on the face seal 
inward leakage has given evidence that the female subjects 
generally receive a higher inward leakage than the male 
subjects (Sub-section 3.3.1.). Therefore it is meaningful 
to carry out a comparison of the face seal inward leakage 
obtained by the trained and the untrained male test subjects 
only (since all the employees of Associated Octel Ltd. who 
took part in this research were male personnel).
R
ec
ov
er
y 
fr
om
 
ex
er
ci
se
s
Cx
cS
to
7.
9
[S
.D
.±
= 
1.7
 
]
2.
1
[S
.D
.±
= 
1.2
 
]
N
on
e
ard
 
le
ak
ag
e
Cy
cl
in
g 
at 
5.
88
 
KJ
 
/m
in
"1
*^
3.
1
[ 
S. 
D. 
±=
 
0.7
 
}
<o
o'CM „ 
cC +i
Ci
to
Oo
CD ^  II 
+1
Ci
to
N
on
e
nt
ag
e 
fa
ce
 
se
al
 
in
w
Tu
rn
in
g 
the
 
he
ad
 
fro
m 
si
de
 
to 
si
de
CD
c\
♦ 1 ^  +•
40 ci 
to
O'
•CD '•
oo '•O
Co
tx
O
CO n
OJ +l
CJ
to
N
on
e
P
er
ce
i 
De
ep
 
b
re
at
h
in
g
oo ii
in +«
Ci
CO
oo
CO •1
C" +|
Ci
to
o
<vi
T"“. ii 
CM +l
Ci
cd
Qjc:
§
N
or
m
al
 
br
ea
th
in
g
O'
00 11 +1
00 q
to
■—.
o
to +l 
Ci 
CO
1
.9
[ S
.D
.±
=0
.5
 
]
N
on
e
—^
U
nt
ra
in
ed
 
m
al
e 
em
pl
oy
ee
s 
[ 
n
=
67
]
U
nt
ra
in
ed
 
fe
m
al
e 
em
pl
oy
ee
s 
[n
=
4
3
]
Tr
ai
ne
d 
m
al
e 
em
pl
oy
ee
s 
[ n
=
50
]
Tr
ai
ne
d 
fe
m
al
e 
em
pl
oy
ee
s
(/)Qj<U
O
Q.
E<b
Ta
ble
 
7 
: 
Pe
rc
en
ta
ge
 
fac
e 
se
al 
inw
ar
d 
lea
ka
ge
 
of 
the
 
tra
ine
d 
an
d 
the
 
un
tra
in
ed
Pe
rc
en
ta
ge
 
fa
ce
 
se
al
 
in
w
ar
d 
le
ak
ag
e
9
8 6
7
6
5
4
3
2
0 in
CD
JZ~ocn Qj~o 00
co
in
JZJZ
cn cn
a .
I—
Figure 25 : Face seal inward leakage of the trained and
untrained employees in the use of resp irators.
The comparison of paired observations using Student t-test 
indicated that p = 0.05 and d.f. = 4, the Null hypothesis of 
equality of means was rejected (see Table 17. Test of 
Significance). Therefore it is confirmed statistically that 
the male employees who had received formal training obtained 
a higher protection value than those untrained male employees 
when using the respirators.
3.3.4. ; THE INFLUENCE OF RESPIRATOR'S COMFORT FACTOR
ON THE FACE SEAL INWARD LEAKAGE
During the field research’, each of the test subjects who 
took part in the face seal leakage test were asked to rate 
the comfort value of the reference respirator used in the 
experiments. The scores were recorded onto the questionnaire 
recording form as shown in Figure 21. The results obtained 
from the different groups of test subjects were plotted onto 
the graph as shown in Figure 26.
Two thirds of the test subjects (n = 110) have given a score 
of greater than 50 per cent to the respirator, and one third 
of the subjects (n = 50) have given a score of less than 50 
per cent. The mean face seal inward leakage of the former 
group of subjects was 4.8 per cent, while the average of the 
latter group obtained a higher face seal inward leakage of 
5.6 per cent. The results of the different groups of test 
subjects is tabulated as shown in Table 8.
The statistical analysis carried out using variance ratio 
test, where p = 0.05 on the F-distribution, and 3 degrees of
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freedom indicated that the Null hypothesis of equal variance 
in the means have to be accepted (see Table 17: Test of
Significance). Therefore, the significance in the difference 
in the face seal inward leakage between the higher score and 
the lower score subjects were not established.
3.3.5. : THE INFLUENCE OF THE WEARER'S EXPERIENCE ON THE
FACE SEAL INWARD LEAKAGE
On the completion of each of the face seal inward leakage 
experiments, the test subject was asked to give his or her 
experience in the use of respirators. The experience was 
recorded as the number of years in the use of respirators.
The recording form is shown in Figure 21. These results 
were tabulated, as shown in Table 9.
Amongst the volunteers who took part in the research, eighty- 
four subjects had never worn a respirator before, and 
seventy-six subjects had occasionally or routinely used a 
respirator at work. The former group of subjects obtained 
a higher face seal inward leakage than the latter, the mean 
values were 5.8% S.D. - 2.5, and 3.5% S.D.i 3.1 respectively.
The statistical investigation using Variance Ratio test 
found that there was no significant difference of the variances 
between the two results at p = 0.05 on the F distribution, 
and the hypothesis of equality of performance between the 
two groups of subjects has to be accepted. (See Table 17:
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Test of Significance). The statistical comparison of 
the variances amongst subjects with different numbers of 
years of wearing experience were also found to be of no 
significance.
CONCLUSIONS
(1) The wearing of high density beards normally increases
face seal inward leakage (5.9% S.D.- 5.2). Subjects
with moustaches of different style did not have any
effect on the leakage (1.7% S.D.i 1.7). Subjects with
neither beards nor moustaches (male subjects) obtained
+
lower face seal inward leakage (3.6% S.D.- 4.0) than 
the bearded subjects.
(2) Subjects who have received formal training in the use 
of respirators normally obtained lower NaCl penetration 
via the face seal (2.1% S.D. - 1.0). The untrained 
male subjects obtained lower leakage (4.9% S.D.- 1.1) 
than the untrained female subjects (7.6% S.D.- 1.6).
(3) Subjects who have given high comfort rating to the
reference respirator do not normally perform better
than those subjects who have given a lower comfort
rating to the device. The former group of subjects
*|»
obtained 4.8% S.D.- 1.9, while the latter obtained 
5.6% S.D.i 3.1.
(4) Subjects with respirator wearing experience show a 
trend towards lower face seal inward leakage
(3.5% S.D.- 3.1) compared with non-experienced wearers
(5.8% S.D.- 2.5). However, this difference is not
statistically significant. Subjects with one years
experience obtained lower leakage (2.0% S.D.- 3.5)
than those subjects with up to five years wearing
+
experience (4.3% S.D.- 3.3). However, this difference 
is not statistically significant. Subjects with more 
than five years wearing experience obtained marginally 
better (4.2% S.D.- 2.4), than subjects with less than 
five years wearing experience.
Fifty-three percent (84 subjects) of the workers who 
have taken part in tHe research have never worn a 
respirator before the experiment.
Eighty-seven per cent (73 workers) of the respirator 
users encounter either dusts or gases or fumes or a 
combination of the three at workplaces. Two-thirds 
of the airborne contaminants have toxic properties.
One third of these contaminants are classified as 
nuisance dusts.
Experiment : The determination of the amount 
of Na Cl particles retained by 
the sampling tube and the 
respiratory airways .
3.4.0. : THE DETERMINATION OF THE AMOUNT OF NaCl
PARTICLES RETAINED BY THE SAMPLING TUBE AND THE 
RESPIRATORY AIRWAYS
When the face seal inward leakage experiment is carried out, 
any inw?rd leakage of the NaCl particles will be inhaled by 
the subject. Because the majority of the NaCl particles 
are in the sub-micron range, the deposition of particles 
onto the respiratory airways is inevitable. The quantity 
of salt retainable by the system is dependant on the particle 
size distribution, its concentration in a given volume of 
air and its travelling velocity through the system.
Any non-soluble particle with a diameter of between ly to 
7y would normally settle in the bronchi and bronchioles. 
Particles with a diameter of less than ly normally exhibit 
a lower rate of diffusion and sedimentation (Davies C.N.,
1964). NaCl does not behave as typical non-soluble material 
and because of the high solubility and hygroscopic nature, 
it tends to enlarge the particle size after inhalation.
Hence deposition on human respiratory tracts will be 
enhanced. Therefore, the following experiments were carried 
out to measure the extent of the retention of particles in the 
subject airways and sampling tube.
During the face seal inward leakage measurement, the exhaled 
breath of the subject is passed into 1.5 meters of sampling 
tube. This warm vapourous air is transported to the flame 
photometer through the tube and in doing so condensation of
the moisture along the inner wall of the tube occurs.
As a result, NaCl loss is inevitable.
Therefore in order to quantify the amount of NaCl loss in 
the human respiratory systems and the test equipment, an 
experiment consisting of three linked experiments was carried 
out on nine chosen subjects (six male and three female 
subjects).
The first of the linked experiments was the normal face seal
inward leakage test, as described in Sub-section 3.1.0.
The aim of the test was to determine the amount of NaCl 
penetrating into the respirator via the face seal. The 
mathematical expression of the experiment is given in 
equation (4).
Facial inward leakage (% ) = Ca ~ % 100   (T)
Ca
WhQrQ Ca = Na Cl concentration in the test hood .
Ci - NaCl concentration in the exhaled breath of
the test subjects.
The second of the linked experiments was designed to 
quantify the amount of NaCl retained by the respiratory 
tracts. The mathematical expression of the test is given 
in equation (5). The experiment was carried out by first 
removing the fresh air breathing tube which was connected to
the respirator. The subject was allowed to be exposed to 
the hood atmosphere containing a known concentration of NaCl 
particles and the exhaled breath was sampled in the normal 
way, as described in Sub-section 3.1.0.
I L°-L1-5 )]... -0
Lo w
Where —° ~ L1 5
Lo
The third of the linked experiments was aimed to determine 
the amount of NaCl retained by the inner wall of the sampling 
tube. This was achieved by repeated reduction in the length 
of the exhaled breath sampling tube. The tube had to be 
reduced consecutively by 0.5 meters after each measurement, be­
cause it is impractical to measure the face seal inward 
leakage without the use of the sampling tube. The amount 
of salt retained by the sampling tube was calculated by 
approximation. The mathematical expression is given in 
equation (6).
Between each of the 3 experiments, the subjects were given 
a short rest pause.
derived from equation (d )
NaCl retained by the = 100 [  ( - Ca ~ )  -
Ca
respiratory tracts (% ).
No Cl retained by the 
sampling tube ( % ) .
Lo -  L 1.5 
Lo X 100 - ......................@
Where L 1.5 = Facial inward leakage test carried 
out using 1.5 meters o f sampling 
tube .
/.o derived from ~ ^ a + p c
2
In  which Rc -  The leakage value obtained 
from the test using 1.0 
meter o f sampling tube .
Ra -  The leakage value obtained 
from the test using 0.5  
meter of sampling tube .
The results of these tests are presented in Sub-Section
3.4.1.
The results of these tests were used to correct the 
values obtained for face seal inward leakage as described 
in equation (7).
The true facial inward leakage (% ) The facial inward leakage recorded 
by the NaCl penetrometer ( % ) .
+
The NaCl retained by the respiratory 
tract of the test subjects ( % ) .
+
The NaCl retained by the sampling 
tube (% ).
©
3.4.1. : NaCl RETENTION IN THE SAMPLING TUBE AND THE
SUBJECT1S RESPIRATORY TRACTS (RESULTS)
The results of the experiments are shown in Table 10. The
procedures and principles of the experiment were presented
in Sub-section 3.4.0. The total NaCl loss was established
by comparing the results of the three linked experiments.
The typical results obtained from the experiments are shown
in Figures 27, 28 and 29. The sensitivity of the instrument
3used in the linked experiments II and III was set at 10 
whilst the sensitivity of the instrument was increased by 
a factor of 10 in the linked experiment I .
The adjustment of the equipment sensitivity was necessary so 
that it would give a sufficient area under the curve to be 
measured.
The comparison of the results of the three linked experiments 
is shown in Figure 30. The level of inward leakage obtained 
in the linked experiment I (Test No. 1) is lower than the 
linked experiment II and III (Tests Nos. 2 and 3 respectively) 
because the results of Test No. 1 only represent the inward 
leakage due to poor face fit. The results of the linked 
experiment II are considerably higher than linked experiment 
I, because the clean air supplies have been removed, and the 
subjects were asked to breathe the known NaCl laden air from 
the hood environment. The difference of the results 
between the ambient NaCl concentration and the measured NaCl 
concentration represents the amount of NaCl retained by the 
subject's respiratory tracts and the sampling tube. In 
the linked experiment III, the tests were carried out with a
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Figure 27 : A typical recording of the Linked experiment I
Time [minute ]
Figure 28 : A typical recording of the Linked experim ent I I  .
W  t \ j  is \\
Figure 29 : A typical recording of the Linked experiment III
reduced length of sampling tube (one third of its original 
length of 1.5 meters). The results obtained were higher 
than the linked experiment II; this increase in NaCl 
concentration is attributed to the amount otherwise retained 
by the full length of the sampling tube.
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Figure 30 : The comparison of the results obtained from the 
linked experim ents.
The average total amount of NaCl retained by the subject's 
respiratory tracts and the sampling tube is 71.9 per cent 
with S .D .17.2. The amount of NaCl retained by the 
respiratory tracts alone is 52.1 per cent with S.D.±6.6, and 
the quantity retained by 1.5 meters of sampling tube is
19.8 per cent with S.D.13.4.
The average value of 71.9 per cent NaCl loss in the respiratory 
tract and sampling tubes was used to correct the values 
obtained in the subsequent leakage measurements to true 
leakage values.
CONCLUSIONS
(1) The amount of the NaCl retained by the sampling
tube (linked experiment III) was calculated by 
approximation, because the minimum tube length can 
be used was 0.8 meters: (the orginal tube length
was 1.5 meters).
(2) The amount of NaCl particles retained by the subjects 
respiratory tracts was found to be 52.1 per cent 
(S.D. - 6.6). Similarly the amount of NaCl particles 
retained by the sampling tube was 19.8 per cent
(S.D. - 3.4). The total NaCl retention by the 
system was therefore 71.9 per cent (S.D. - 7.2), 
which will be used to correct subsequent measured 
leakage values.
Experiment : The determination of the amount 
of air required by the test subjects.
3.5.0. : THE DETERMINATION OF THE AMOUNT OF AIR REQUIRED
BY THE TEST SUBJECTS
The objective of this research experiment is to establish 
the influence of work rate on the facial inward leakage.
The experiment was necessary because when respirators are used 
in industry, the wearers are normally subjected to different 
levels of exercise while carrying out their tasks. It was 
suspected that face seal inward leakage is normally encouraged 
under conditions of heavy exercise. In order to establish 
the degree of influence of work rate on the protection 
factor of respirators, the air requirement was used as the 
research parameter.
The research experiment was set out to determine the average 
air requirement of the test subjects while carrying out the 
scheduled exercises. The experiment was carried out using 
6 of the chosen volunteers (i.e. five male and one female).
The measurement of the air required by the subjects was 
achieved by using a pneumotachograph (manufactured by 
Godart Statham B.V.) as shown in Plate 11. The instrument 
was preset to record the minute volume (Mv) of the test 
subjects at each of the exercises. The results were recorded 
onto a chart recorder.
Before the experiment was carried out, it was necessary to 
calibrate the pneumotachograph. The calibration was made in 
conjunction with the gas flow meter, together with the chart 
recorder, as shown in Plate 12. During measurement, any
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P la te  12 : The ca lib ra tion  equ ip m en t for the pneum otachograph
volume of air passing through the gas flow meter was 
registered onto the meter recorder before it was passed 
through the fleisch flow transducer head which was located 
inside the hose connected to the inlet valve of the respirator. 
The air flow rate passing through the annular was determined 
by a capacitance type pressure transducer; this pressure 
differential was converted into electrical signals. These' 
signals were amplified and integrated by the pneumotachograph.
A typical result of the recording is shown in Sub-section
3.5.1.
The air requirements of the five exercises measured were 
normal breathing, deep breathing, turning the head from side 
to side, pedalling the bicycle ergometer, and recovering from 
the exercises.
3.5.1. : THE AMOUNT OF AIR REQUIRED BY THE TEST SUBJECTS
AT THE DIFFERENT LEVELS OF EXERCISE (RESULTS)
The experiments were carried out on six test subjects, the 
principles and the procedures of the experiments are 
described in Sub-section 3.5.0. The results obtained are 
shown in Table 11.
The average air requirement of sedentary subjects is 0.08
mS/mirr^ [8.2 L/mirf! ] (S.D.- 1.7). During voluntary hyper-
-1 5ventilation and during cycling at 5.88 KJ /min ‘ work rate, 
the air requirement of the subjects increased to between two
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to three times above normal. The air volume required was
17.9 litres per minute(S.D. - 6.3) and 23.5 litres per
minute (S.D. - 2 .6)  respectively. When the subjects were
asked to turn their heads from side to side, the average air
requirement increased to about twice the normal amount,
with air volume of 14.6 litres per minute (S.D. - 5.8). The
air requirement during recovery from exercises also increased
considerably: the air volume was 30.0 litres per minute
(S.D.- 2.9), which was about four times the normal amount.
This value was one third higher than the volume obtained from
- 1 5cycling at 5.88 KJ/min ' . The explanation for this is
that during cycling, the subject’s breathing rate would increase 
sharply. Most athletic subjects can perform exercises 
without increasing the heart rate (indication of breathing rate) 
for a short duration, and in normal subjects the heart rate 
would normally reach steady rate after 4-5 minture (Monark- 
Crescent AB, 1980). However, in this study, respirator 
wearers were asked to exercise for only 1.5 minutes at 5.88 KJ 
and the intention was to increase the respiration rate slightly 
above normal, so that face seal inward leakage could be 
assessed under physical stress.
During exercise, the breathing rate would increase rapidly to 
reach the steady level. When the exercise had ended after 
the specified period, breathing rate would start to decrease 
at a slow decending pace. As a result, the air requirement 
obtained from the post exercise period was higher than during 
cycling.
The results of the air requirement experiments were compared 
with the face seal inward leakage obtained from the 160 test
subjects (This result is given in Table 5). In this study,
the results indicated that the face seal inward leakage was
lowest during normal breathing. The graphical presentation
of the comparison is given in Figure 31. From the graph,
it shows that when the respiratory rate increases, as in the
case of voluntary hyperventilation and cycling at 5.88 KT /
-1 5min * , the NaCl penetration via the face seal also increases 
(Figure 32 shows the typical recording of the air requirement 
experiment). The reason for this high inward leakage is 
due to the fact that during exercises, the subjects breathing 
patterns become short and rapid in response to the build up 
of oxygen debt. Under this phenomenon, the flexible rubber 
mask collapsed slightly due to the sudden increase in negative 
pressure; thus NaCl penetration via face seal is encouraged.
During the moving of head from side to side, the face seal 
inward leakage increased considerably, and this increase of 
NaCl penetration into the mask is mainly caused by the 
distortion of facial muscles and the rubber mask.
The comparison of the two results air requirement obtained 
by the six subjects and the face seal inward leakage obtained 
by the 160 volunteers (Table 12) indicated that there is a 
reasonable correlation between breathing rate and face seal 
inward leakage. The coefficient of correlation (r) obtained 
was 0.35. (The formula for this calculation is given in 
Appendix 7).
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Figure 31 : The comparison between the a ir requirement and 
the face seal inward leakage of test subjects at 
different levels of exercise [ Figures given are average 
over test periods 1.
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Figure 32 : A typical recording of the air requirement experiment
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CONCLUSIONS
(1) The average air requirement of sedentary subjects
(with respirator donned) is 8.6 1/min’"'*’ (S.D.- 1.7).
The increase in work rate would lead to the increase
in air requirement. The air requirement of subjects
-1 5working at 5.88 KJ /min * (with respirator donned) 
is between 3-4 times higher than normal.
(2) The face seal inward leakage increases with
approximate proportionality (although non-linear) 
with an increase in air requirement. (The results 
are presented in Table 12).
(3) Physical head movement promotes an even higher
face seal inward leakage than any other activities 
specified in the experiment (the results are presented 
in Table 12).
4.0.0. : THE FIELD RESEARCH OPERATION
When the test sites had been arranged, the essential 
supplies organised and the subject volunteers recruited, 
the test equipment was transported to the test locations.
The setting up of the face seal leakage and the facial 
characteristics recording systems were carried out in 
accordance with the procedures presented in Sub-section
2.1.0. and 2.2.0.
During the carrying out of the research, two research attend­
ants were recruited to supervise the research operation.
The research commenced by first recording the facial 
characteristics, as described in Sub-section 2.2.1., and 
then followed by the measurement of the face seal leakage 
(Sub-section 3.1.0.). In the face seal leakage test, each 
subject was asked to don the respirator and it was then 
adjusted properly onto the face to obtain the best fit.
On completion of the tests, any comments on the use of the 
respirator from the test subjects were recorded. Some of the 
results from these experiments are presented in the afore­
mentioned Sub-sections. The effects of the variation in the 
facial dimension and contour measurements on the face seal 
inward leakage are given in the following Sub-sections.
4.1.0. : THE EFFECTS OF THE VARIATION OF FACIAL
DIMENSIONS ON THE FACE SEAL INWARD LEAKAGE 
(RESULTS)
The results of the measurements of the facial dimensions 
were given in Appendix 8. The results were obtained from 
three separate groups of subjects:
1) The first group of subjects (n = 24) were the
panellists who were chosen to take part in the 
selection of the reference respirator experiments.
The details of the experimental procedures and 
objectives were given in Sub-section 3.1.0.
2) The second group of subjects (n = 160) were volunteers
who took part in the face seal inward leakage
experiments. The results of this group of subjects 
form the main body of the research data, and the 
summary of these results is given in Table 13.
3) The third group of subjects (n = 210) were volunteers
who took part in the facial characteristics study.
The results from the group provide useful statistical 
evidence to support the validity of the chosen sample 
size (n) adopted in this research.
The comparison of the distribution of the facial dimensional 
measurements amongst the different groups of subjects was 
also made. A scatter graph was plotted for each of the
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groups mentioned above, and the individual graph showing 
the results obtained from each group is given in Figures 
33, 34 and 35. A combined scatter graph showing the results 
obtained from all the three groups (n = 394) was also computed
and this is shown in Figure 36.
low
The results indicate that there is ayypositive correlation 
between the face length and lip width of the male and 
female subjects (r =0.31 ). The mean face length and lip 
width are 111.2mm and 49.7mm respectively.
Further statistical analysis using Student t-test at the 
98 per cent level of confidence, indicate that the means of 
the facial dimensions of the second and third group of subjects 
are from the same population ( p = 0.02). In the comparison
study between the face seal inward leakage and the facial
dimensions, the second group of subjects (n = 160) was 
classified into six sub-groups according to their face seal 
inward leakage values. Each of these sub-groups contained 
given limits of the leakage values. The six categories of 
face seal inward leakage values are shown in Figure 39. A 
scatter graph computed to show the correlation between the 
face seal inward leakage values and the facial dimension 
indicated that there is a low negative correlation between 
the facial dimensional limits, and the face seal inward 
leakage values ( See Appendix 11 - Table 23 ). The results also 
implied that subjects with smaller facial dimensional measure­
ments normally obtained higher face seal inward leakage values. 
This fact is evidenced by the graph shown in Figure 39.
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4.2.0. : THE EFFECTS OF THE VARIATION IN FACIAL CONTOURS
ON THE FACE SEAL INWARD LEAKAGE (RESULTS)
The results of the facial contour measurements of 370 test 
subjects were given in Appendix 9. These results were 
obtained, based on the research procedures described in 
Sub-section 2.2.3. These facial contour measurements were 
obtained from two separate groups of subjects: the second
group (n = 160) and the third group of subjects (n = 210).
The comparison of these results is given in Table 14. The 
statistical analysis using .Student t-test at 5 per cent point 
of t-distribution indicated that the differences in the means 
of the facial contour measurements are not significant. 
Therefore the values of the second group of subjects (n = 160) 
can be used to represent the majority of the population 
(i.e. 95 per cent). A comparison of differences between 
the contour measurements of the male and female subjects of 
the two groups was also carried out (Table 15). The graphical 
comparision of the range of male and female measurements, and 
between the two separate groups is presented in Figure 33.
The application of Student t-test with 95 per cent confidence 
level indicates that the difference in the means are 
significant (p = 0.05). The male contour features are shown 
to be narrow, longer and more projected than those of the 
female.
In the correlation study between the face seal inward leakage 
and the facial contour measurements , the results of
the second group of subjects (n = 160) was used in the analysis
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Group of subjects 
[ Male and Female ]
X Facial contour measurements 
[ mm ]
Q R S
The second group 
of subjects [ n = 160]
45.9
(S.D + --25.0 ]
96.9
IS.D.±= 11.0 J
87.9
fS.D.±= 10.8 }
The third group of 
subjects [ n = 210 ]
45.8
fS.D±= 23.9]
99.4
[S.D. + ; 9.7 ]
87.9
IS.D.i-• 10.6]
Table 14 : The mean facia l contour measurements of two separate 
group of sub jects.
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Figure 38 : The comparison of facial contour measurements
between the male and female subjects.
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and the summary of these results is shown in Table 16.
For the convenience of the correlation study, the 160 
subjects were classified into six sub-groups, according 
to the face seal inward leakage obtained by the individuals. 
The range of the facial contour measurements obtained from 
each of the six sub-groups is shown in Figure 40. The 
facial contour measurements of the subjects in each of the 
sub-groups were compared, and a graph showing the comparison 
of these results is shown in Figure 41. Amongst the three 
facial contour measuring datum Q, R and S, the dispersion 
of the means of the six sub-groups indicated that the 
measurements at the nasal root (Q) had the greatest variation. 
The measurements in the mid-face (R) and lower face (S) 
are shown to be somewhat random. The correlation of the 
face seal inward leakage and the facial contour measurements 
of the six sub-groups of subjects indicated that as the 
measurements of the nasal root (Q) increase, the face seal 
inward leakage also appeared to be on the increase, and a 
low positive correlation was obtained (r = 0.21 ). This 
implies that subjects with less projection at the nasal root 
received a higher face seal inward leakage. The relationship 
between the mid-face (R) and lower face (S) and the face seal 
inward leakage cannot be established because of the complete 
disassociation of the test parameters.
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Figure A0 : The comparison of the facial contour
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Hypothesis Test Level of significance
The face seal inward leakage of 
the female subjects are definitely 
higher than the male subjects.
The bearded respirator wearers 
received higher face seal inward 
leakage than those without a 
b e a rd .
The provision of formal training 
in the use of respirators will 
reduce the amount of face seal 
inward leakage obtained by the 
workers.
The comfort rating given by the 
respirator wearers can be used as 
an indicator of the protection value 
achievable by the w earers.
The personnel with respirator 
wearing experience normally 
perform better than those w ith­
out any experience .
F - test 
t -  test
F -  test 
t - test
F -  test 
f  - test
F  -  test 
f -  test
F -  test 
f -  test
P 0.05 
P0.05
P 0.05 
P0.05
P0.05
P0.05
Null hypothesis rejected 
[ P -- 0.05 )
Null hypothesis rejected 
[ P = 0.05 J
6 . The variation in facial dimensions 
amongst the subjects ( ie the six 
sub-groups) will give rise to the 
varying amount of face seal 
inward leakage .
F- test 
f- test
7. The variation in facial contour 
measurements amongst the 
subjects ( ie the six sub-groups) 
will give rise to the varying 
amount of face seal inward 
leakage .
F- test
t - test
8. The facial contour and dimensional 
measurements obtained from group 
2 ( n = 160 ) and group 3 ( n = 
210 ) subjects come from the 
same population.
F- test 
f- test
P0.05 
P 0.02
P0.05
P0.05
P0.05 
P 0.05
Table 17 : The level of significance
Section 2
Discussions
DISCUSSION
1. : SELECTION OF REFERENCE RESPIRATOR
Amongst the approved respirators, the best fit respirator 
was chosen as the reference mask (Sub-section 3.1.1.).
During the selection test, the individual wearer's face seal 
inward lakage ranged from 0 per cent to 47.9 per cent. The 
best best fit respirator (Sample G, manufactured by Siebe 
Gorman Ltd.) obtained a mean inward leakage of 7.2 per cent 
(S.D.- 4.4). The worst fit respirator (Sample D, manufactured 
by Parmelee Ltd.) obtained the highest mean inward leakage 
of 17 per cent (S.D.- 10.8). The overall inward leakage 
given by the seven chosen respirators was 11.6 per cent 
(S.D.i 5.8).
These test results offer an accurate picture of the protection 
factor of respirators when worn by wearers of varying facial 
sizes. The experiment was subjected to a continuous test 
sequence by 24 panellists performing a total of 168 assessments 
on the seven respirators: (each of the masks was worn by
the same group of individuals, and evaluation was carried out 
under similar conditions).
The important difference between the present experimental 
procedures and the test specifications adopted by the Health 
and Safety Executive outlined by the British Standard 
Institution (B.S .I .2091-1969) is that the test carried out on 
these devices (in the present study) was performed under 
active conditions. Unlike the B.S.I.'s test procedures
where subjects are asked to sit perfectly still, the present
study uses a series of activities which include voluntary
hyperventilation, head movement exercises and cycling at 
-1 55.88 KJ /min * . The aim of introducing these activities
was to provide simulation of the normal conditions encountered 
by industrial workers.
The results of the experiment revealed that if the respirators 
were used in similar working conditions in industry, the face 
seal inward leakage of even the best device would be higher 
than the permitted value recommended by the H.S.E.
(B.S.1.2091-1969, respirator for protection against harmful 
dusts and gases: B . S . 1 . 4275.-1974, recommendations for the
selection, use and maintenance of respirator protective 
equipment introduced a maximum face seal inward leakage of 
5 per cent).
2. ESTABLISHMENT OF A TEST PANEL
In order to establish a test panel to provide representation 
of approximately 95 per cent of the working population, 
measurements of the two key facial limits (face length and lip 
width) were used to create the panel rectangle.
These limits were obtained from two military surveys carried 
out by the Royal Aircraft Establishment (United Kingdom) and 
the United States Air Force (U.S.A.). Before these limits 
were adopted, attempts were made to obtain facial measurements 
from industrial sources. Unfortunately data from industrial
surveys was not available. The author, in personal 
communication with J. T. McConville, of Webb Associates,
Ohio, U.S.A., established that there is no significant 
difference between the industrial facial data and the 
military data. Other surveys carried out by J. E. Hughes 
et al in Australia have also indicated that the data obtained 
from the Australian workers were similar to those statistical 
data obtained from the military sources. (An anthropometric 
survey of Australian male facial sizes, 1972).
Amongst the 394 volunteers recruited, none of these subjects 
had a facial limit which fell outside the control limits, 
therefore this confirmed that the two extreme limits used in 
the establishment of the test panel provide more than 
sufficient coverage of the working population.
3^___  THE NaCl AEROSOL TEST METHOD
The NaCl aerosol technique used in the present study has 
been used by several other workers in the past. R. F.
Houman et al (1963) adopted this technique to compare the 
efficiency of different respirator face seals. E. C. Hyatt 
et al (1973) used this method to study the effect of the day 
to day growth of beards on face seal inward leakage, and 
R. M. Howie (1981) adopted a similar technique to measure 
the face seal inward leakage of 10 chosen subjects.
The experiment carried out by R. M. Howie (1981) was performed 
with the subject sitting still, the total inward leakage
obtained from the group ranged from 0 per cent to 28 per cent. 
These values did not include the retention of NaCl particles 
by the human respiratory airways and the test equipment 
(i.e. sampling tube). Therefore, if the NaCl loss 
(i.e. 71.9 per cent) were to be added to the above results, 
the values would be much higher than those presented.
The deposition of NaCl on to the respiratory airways and 
the sampling tube have to be added to the value recorded by 
the detection system because these NaCl particles represent 
part of the total amount of face seal inward leakage. The 
average amount of NaCl particles retained by the subjects' 
respiratory airways (n = 9) was found to be 52.1 per cent
and similarly 19.8 per cent of the NaCl particles were 
retained by the inner wall of the sampling tube, thus 
making a total of 71.9 per cent NaCl loss in the process.
The amount of NaCl retained by the subjects' respiratory 
airways (in the present study) indicated similar results to 
the findings (45^ 10%) obtained by P. H. Schwabe (1979).
In order to obtain a true result of the face seal inward 
leakage, the value of 71.9 per cent has to be added to the 
leakage value obtained.
In the present study, the face seal inward leakage test 
equipment used was a scaled down version of the British 
Standard Institution recommended apparatus. The modification 
is necessary because it enables the device to be transported 
around. The construction of this modified equipment was
assisted by J. M. Clark of Chemical Defence Establishment 
and also by F. J. Feltham of British Industrial Sands Ltd.
The operational principles of the test apparatus were 
closely guided to meet the B.S.I. specifications. The 
only modification to the B.S.I. specification was the 
concentration of NaCl particles. Because of the reduced 
size test hood used in the present study, the NaCl concen­
tration fed into the hood was maintained at about 2000 
3
yg/m as compared with the B.S.I.2091 specification of
3
13000 yg/m . The amount of NaCl particles present in the 
hood is more than sufficient to provide the searching 
properties required in the detection of face seal inward 
leakage.
The NaCl detection system used in the present study was 
loaned from The Chemical Defence Establishment. Prior to 
carrying out the field test, the equipment (flame photo­
meter and penetrometer) was calibrated by the Establishment. 
Therefore, the performance of this equipment was checked to 
conform with the accepted standards (i.e. B.S.I .4400-1969).
4. : THE PROJECTED COLOURED GRIDS (MOIRE FRINGE) METHOD
The same technique of recording facial profiles has been 
successfully used by Professor S. Inoue et al (1976) to 
detect the presence of scoliosis in school children in 
Japan. The same method has also been recommended by J. Cobb 
(1972) and E. J. Lovesey (1974) for use in the recording of
facial profiles. The projected coloured grids technique 
used in the present study has been modified to include an 
asymmetrical moire fringe pattern to produce a full face 
recording. (The technique recommended by J. Cobb (1972) 
was a half face technique). This improved method requires 
great care in setting up, because the two projected images 
have to be properly aligned. To assist the accurate 
setting up of the apparatus, a specially built calibrating 
graticule (as shown in Plate 9 ) was used to act as a 
locating point for specific light paths projected by the 
grids. Using this method of calibration, a highly accurate 
alignment of the two projected images can be achieved 
(- 0.5 mm).
Other differences between the technique adopted in the 
present study and the method recommended by J. Cobb (1972) 
are that special measuring datum have been added to the 
coloured grids so that the graduated scales can offer easy 
extraction of data during analysis.
Unlike a single sealed unit designed by J. Cobb (1972), the 
method used in the present study utilised a premarked floor 
template (P.V.C. sheeting) to provide an easy setting up of 
the apparatus during the field experiment. In addition, 
it also enables the apparatus to be transported conveniently 
during the field study.
The Moire Fringe technique has several advantages over the 
caliper method. (The latter technique was used in the 
selection of test panellists). These advantages are:
1) It offers an instant recording of the subject’s 
face, and therefore minimises interference with 
the production schedule of the workers.
2) The recordings remain permanent records and 
therefore detailed comparison amongst these 
recordings can be made at ease.
3) The method offers a high degree of accuracy.
Although a number of facial dimensions can be extracted from 
the Moire Fringe recording, only two dimensions were measured 
for use in this study. These dimensions were face length 
and lip width (Figure 12). They were adopted because of 
their significance in contributing to the good face fit when 
the respirator is worn. The face length (i.e. the distance 
between nasal root and menton) was used as a critical 
dimension because the two extreme vertical points of the 
neoprene rubber mask were moulded to accommodate the facial 
profiles of the area defined by face length. Similarly, 
lip width was chosen to be one of the vital measurements used 
in this study because it has great influence on face seal 
inward leakage. Since the average lip width was 49.7 mm 
(established from the present study, n = 394), any respirator 
with width measurement smaller than the average lip width would 
not be likely to provide adequate coverage over the wearer’s 
mouth. Therefore, face seal inward leakage would be 
inevitable (in order to ensure that the mask seal is cleared 
from the mouth, a clearance of 12.5 mm must be allowed between 
the lip and the sealing edge of the mask - A. I.E. A.- AGCIH,
1963).
5. : THE FACE SEAL INWARD LEAKAGE
The findings of the field experiments can be discussed 
conveniently under the following headings:
i) Sex Difference
The difference between male and female subjects caused
considerable variation in face seal inward leakage. The
results indicated that female subjects are less suited to
wearing the half mask respirator than the male. The
important reason for the reduction in protection in female 
workers is due to the differences in the facial dimensions 
and facial contour measurements to the male.
From the 394 facial measurements obtained from the present 
study, the female facial dimensional measurements were shown 
to be much smaller than those of the male, while the contour 
measurements were larger than those of the male. Although 
this is the general trend existing between the two sexes, 
there is evidence that a small number of female subjects have 
large facial dimensions which overlap the measurements obtained 
from the male population. The same also applies to the 
facial contour measurements. In general, the female subjects 
are less enthusiastic in wearing respirators than the males.
The main reasons for this are that the female subjects are 
concerned with their hair style (as this would be interfered 
with when a respirator is worn) and the discomfort given by 
the contact of facial tissue with the respirator face seal 
during donning also deters them from wearing the respirators.
Another important factor which causes the low wearer 
acceptance amongst the female workers is that the device 
prevents them from talking amongst themselves.
ii) The effect of beards on face seal inward leakage.
The male subjects wearing beards and stubble have shown to
obtain higher face seal inward leakage than the non-bearded
male subjects. The number of beard wearers amongst the
160 test volunteers was 11 subjects. Although four
classifications of beards were presented in the research
questionnaire to cover the various beard configurations, all
the 11 subjects had full, short beards. The comparison
between subjects with moustaches and beards has indicated
that the latter obtained a reduced level of protection, due
to poor face fit caused by the facial hair. However,
subjects wearing beards obtained a slightly lower face seal
+
inward leakage (5.9 per cent, S.D.- 5.2) than the female 
subjects (6.1 per cent, S.D.- 1.6). The student t-test 
carried out indicated that this difference is statistically 
significant (see Table 17 - Test of Significance).
iii) The effect of formal training on face seal inward 
leakage
Subjects who had received formal training in the use of 
respirators normally obtained lower face seal inward leakage. 
The results show that worker volunteers from AssQciated 
Octel & Co. Ltd. (A.O.C.) obtained the lowest face seal 
inward leakage amongst the four groups of subjects. The 
prime reason for this outstanding performance is the
respirator training programme given by the safety management 
of the Company. During the field research, it was 
noticed that there was a distinct behavioural difference 
between the trained and untrained respirator wearers in the 
use of respirators. Unlike other worker volunteers, 
employees from A.O.C. would normally carry out a negative 
pressure test on the device provided before donning (the 
test procedures are given in B.S.I. 4275 - 1974). This 
learned behaviour exhibited by the A.O.C. employees has 
shown to increase the protective value of respirators a great 
deal. This incentive to obtain a higher protection factor 
from the device is clearly due to the training given by the 
management. All other groups of subjects who had not 
received any formal training obtained higher inward leakage 
values.
iv) The comfort factor of the respirator.
Devices which have high comfort rating normally produce high 
wearer acceptance. These respirators would normally be worn 
for a longer period during working. In industry, it is often 
believed that the level of comfort given by a respirator is 
an indication of the protection that it achieves. The present 
study shows that the belief is a fallacy, because although 
amongst the 160 test subjects, 50 of these individuals who gave 
a lower comfort rating (i.e. rating less than 50 per cent) 
to the reference respirator obtained a relatively higher face 
seal inward leakage (5.6 per cent, S.D.^ 3.1). The 110 
subjects who gave a rating of greater than 50 per cent,
+
obtained lower face seal inward leakage (4.8 per cent S.D.- 1.9).
The statistical analysis carried out showed that the 
difference is not significant (see Table 17 - Test of 
Significance). Therefore high comfort ratings given 
by the wearers to the respirator cannot be interpreted as 
a high protective value of the device.
v) The experience in the use of respirators.
Amongst the 160 worker volunteers who took part in the 
experiment, 84 subjects had never worn a respirator before, 
and the face seal inward leakage of the group was 
5.8 per cent S.D.- 2.5. The number of subjects who 
possessed respirator wearing experience (worn on more than 
one occasion) was 76 persons, and their average face seal 
inward leakage was 3.5 per cent S.D.- 3.1. The 
analysis carried out showed that the experienced wearer
performed slightly I better than those without experience.
' However, comparison
of the duration of experience and the face seal inward 
leakage (i.e. workers with one year, one to five years, and 
more than five years) showed no statistical significance (see 
Table 17 - Test of Significance).
During the field research, noticable behavioural differences 
between the two groups of subjects were observed. Wearers 
who had experience would normally adjust the head straps of 
the device to obtain good sealing pressure on to their faces. 
Volunteers who wore spectacles would adjust the frame to 
minimise interference with the mask. However, the non-
experienced workers would not perform the fitting trial 
until instructed by the operator (author).
vi) The effect of physical exercises on face seal
inward leakage.
The aim of introducing physical activity into the experiment 
was to simulate the working conditions experienced by 
industry, so that a realistic result of the face seal inward 
leakage could be obtained.
The findings indicated that the face seal inward leakage
amongst the five different activities varied considerably.
It is clear that physical head movement promotes a considerable
amount of face seal inward leakage (5.9 per cent S.D.- 3.6).
This value is approximately one third of the value obtained
from the sedentary experiments. An increase in the rate of
respiration also leads to an increase in NaCl penetration
via the face seal. The induced voluntary hyperventilation
-1 5and cycling at 5.88 KJ /min * produced approximately 
30 per cent higher face seal inward leakage (5.2 per cent
S.D.- 2.7 and 4.6 per cent S.D.^ 1.8 respectively) than at 
sedentary (3.6 per cent S.D.^ 1.9). The statistical 
comparison (using student t-test) between the above mentioned 
activities with the sedentary indicated that the differences 
are significant (p = 0.05). The measurement of the air 
requirement during various activities showed that there is a 
positive correlation (r =0.35) between the volume of air 
intake and face seal inward leakage.
GENERAL DISCUSSION
The research revealed that industrial half masks can 
produce face seal inward leakage of up to 47.9 per cent.
The average face seal inward leakage of the seven chosen 
respirators was 11.6 per cent and the best fit respirator 
has an average face seal inward leakage of 7.2 per cent. 
Therefore it is confirmed that these industrial half mask 
respirators cannot generally offer the respiratory protection 
expected by their designers, manufacturers and the approving 
authority.
The current H.S.E. approval criteria and the B.S.I. 
specifications are grossly inadequate to meet the problems 
facing respirator wearers in industry. The cause of this 
is that the protective value of respirators relies heavily 
on their usage. One effective way to alleviate the 
underprotection given by respirators in industry is to 
adopt a well designed respiratory protective programme. The 
essential elements contained in this programme are:
1) A sound method of selection of the correct type of 
respirator. (During the course of selection, the procedures 
presented by the author in Figure 1 should be consulted).
2) When the needs of a respirator have been established, 
a range of different designs are required so that they can 
offer more chances of good face fit to the majority of 
wearers. In each chosen design, it is desirable to make 
available a number of different sizes, so that multiple choices
of the same device can be offered.
3) Male workers with high density beards and stubble 
should be excluded from wearing the respirators. Female 
workers normally require devices of smaller sizes. If 
the 'female size' respirators are not available, specialist 
manufacturers must be consulted.
4) All potential respirator wearers should be given 
formal training. During training, the wearers should be 
informed of the merits and limitations of the devices.
Each candidate should be instructed in the correct technique 
of performing the face fit-test (i.e. negative pressure test) 
and it is also important to allow the candidates to carry 
out the wearer trial.
5) All potential wearers should be given instuctions
on how to replace filter elements, and also to decontaminate 
the rubber mask.
6) When the correct respirators have been chosen for the 
individuals, the particulars of both the devices (i.e. type and 
size) and the wearers (i.e. sex and job specification) should 
be recorded. These details would form a valuable source of 
information for any occupational health survey ( i.e. 
biological monitoring).
7) Respirators are designed and chosen for specific 
tasks, therefore any change in the processing methods
(i.e. substitution of materials or changing of machinery) would 
require reassessment of the suitablity of the devices.
8) Each of the new devices issued is given a service 
duration. At the end of the specified period, the device 
has to be inspected for its application worthiness. 
Components (i.e. head harness and rubber mask) which show 
signs of deterioration (i.e. ozone cracking on the rubber 
mask) should be replaced. Any respirator with damages 
beyond repair should be replaced with a new device.
Section 3
Conclusions
CONCLUSIONS
This research has spotlighted the inadequacy of the 
commercially available half mask respirators. The protection 
factors of these industrial respirators were found to be 
lower than expected. The research findings are given 
below:
(1) Most wearers do not welcome the use of respirators.
One of the main complaints is the poor comfort given 
by respirators due to poor face fit. Another 
important reasons is the difficulty of personal 
communication whilst wearing respirators.
(2) The true face seal inward leakage of the reference 
respirator range 0 per cent to 47.9 per cent amongst 
the 160 test subjects. Therefore, it can be 
assumed that other half mask respirators are likely 
to produce an even higher face seal inward leakage.
(3) The protection factor of the best fit respirator is 
3.8, therefore other less well performing respirators 
would give an even lower protection factor.
(4) The research shows that more than a quarter of the 
workforce in industry receive higher face seal inward 
leakage than the recommended value (The Health and 
Safety Executive recommended maximum permissible face 
seal inward leakage of 5 per cent (protection factor of
10) lies at the 64th percentile of the subjects).
(6)
(7)
(8)
(9)
(10)
Female respirator wearers normally receive less 
protection than male wearers.
When the respirator is worn, any physical exercise 
and/or head movement will increase the face seal 
inward leakage of airborne contaminants.
The wearing of moustaches will not affect the face 
seal inward leakage, but the presence of beards will 
increase the face seal inward leakage.
Respirator wearers who have been trained in the use 
of respirators normally obtain lower face seal inwards 
leakage than those without any training.
The subjects with wearing experience (with or without 
formal training) perform slightly better than those 
without any experience. However, no significant 
relationship can be established between the amount 
of leakage and the number of years of wearing 
experience.
No association exists between the comfort rating and 
the face seal inward leakage obtained from the 
volunteers. Therefore, the comfort factors given by 
the wearers cannot be used as a measure of the degree 
of protection.
(11) Respirator wearers with smaller facial dimensions 
tend to receive higher face seal inward leakages, 
and in contrast wearers with large facial dimensions 
normally obtain lower face seal inward leakages.
(12) Respirator wearers with narrower, long and more 
projected faces normally obtain a lower face seal 
inward leakage than those wearers with short, wider and 
flatter faces.
(13) Even with the worst inward leakage of 47.9%, protection 
amounting to 52.1% is accomplished. Therefore 
although there is considerable room for improvement, 
and this thesis demonstrates the areas where such 
improvements can be made, there is clearly a benefit 
in wearing a mask, rather than no mask at all.
Section  4
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Appendices
APPENDIX 1
INDUSTRIAL AIRBORNE HAZARDS
There are numerous types of airborne contaminants present 
in workplaces in industries. For convenience, they are 
classified into three main categories from their pathological 
standpoints:
i) Nuisance dusts
ii) Toxic dusts
iii) Noxious gases.
NUISANCE DUSTS
These are non-fibrogenic dusts, but upon the continued 
exposure to a sufficient quantity will evoke some degree of 
the cellular response in the lungs (e.g. Coalmine pneumo­
coniosis).
Typical examples are the glass fibres, mineral wool fibres, 
coal dusts, tin oxides and portland cement. The assigned 
hygiene standards are less stringent because of their low 
toxic properties (H.S.E., 1977). In practice, respirators 
with nominal protection factor (npf) of 10 are recommended 
(B.S.I., 1974).
TOXIC DUSTS
These are fibrogenic dusts which have the ability to induce 
collagenous pneumoconiosis when exposed to even a small 
quantity. The typical examples are asbestos fibres (all 
forms) and silica dusts (Sio2), the inorganic dusts of 
aluminium and beryllium and some of the vegetable dusts. 
Because of their toxicities, a high standard of compliance 
with the control measures is required. Respirators with 
nominal protection factor of greater than 10 are required 
(B.S.I., 1974).
NOXIOUS GASES
These are toxic gases and vapours capable of causing gassing 
and poisoning accidents. Many of these compounds are also 
inflammable and potentially explosive. For simplification, 
they are classified into three headings:
i) Toxic gases and vapours
ii) Irritant gases
iii) Asphyxiants.
TOXIC GASES AND VAPOURS
These are products of a metal (e.g. mercury) or a metalloid 
(e.g. arsenic) or a non-metal (e.g. sulphur) and may be 
organic or inorganic compounds. Their effects on the human 
body are very much depended on their existing state of 
properties. For example Trichlorethylene CHC1, CCI2 is a
powerful narcotic at room temperature, but when this liquid 
is heated, phosgene CoClg a potent poison gas is released 
and similarly, the organic arsenic is a systemic poison, 
but when arseniuretted, it forms arsin AsH^ which exhibits 
haemolytic properties. A number of these organic vapours 
also have the carcinogenic potential (e.g. benzen). The 
hygiene standards given to these groups of compounds are 
stringent and gas canister respirators are recommended, and 
where high concentration of these compounds are encountered, 
clean air supplied protective equipment has to be provided.
IRRITANT GASES
These irrespirable gases can produce immediate irritation 
on the upper respiratory passage when inhaled even at a low 
concentration. Their toxic properties vary with the solubilities 
and the rate of reaction with the tissue linings. For 
example, the symptoms of phosgene CoClg poisoning are only 
realised when the delayed effects of pulmonary oedema has 
occured, whereas the exposure to ammonia fumes at low concen­
tration will cause immediate alert of the employees. (Hunter 
D., 1974). Typical examples of the irritant gases are sulphur 
dioxide So^, chlorine Cl^, and fluorine Many of these
gases produce immediate irritation on the eyes and nose, but 
continued exposure normally gives rise to acute pulmonary 
oedema and is followed by the circulatory collapse. The 
hygiene standards given to these gases are low, and the gas 
canister respirators are recommended for gas concentration of 
below 1 per cent volume to volume. The area where concentra­
tion of these gases is above 1 per cent requires breathing 
apparatus with suitable clothing. (B.S.I., 1969).
ASPHYXIANTS
These gases can be classified into two groups:
i) Simple asphyxiants.
ii) Chemical asphyxiants.
The simple asphyxiants are inert gases which exert their 
action by preventing the oxygen from reaching the blood in 
the pulmonary capillaries, thus producing a condition of 
anoxia in the lungs. Typical examples are methane gas CH^ 
in the coal mines, and nitrogen Ng, which often present in 
confined spaces. In an area where asphyxiants are presented, 
the oxygen content of the air is normally below 17 per cent 
and as a rule, no air purifying respirator is permitted to 
be used in this atmosphere. The chemical asphyxiants have 
great affinity for the haemoglobin of the blood, and exert 
their effects by inhibiting the cells respiration, which in 
turn acts on the nervous system to cause rapid respiratory 
paralysis. The typical examples of these gases are carbon 
monoxide Co, and hydrogen sulphide HSg. The assigned 
hygiene standards for these gases are low, and respirators 
with correct type gas canisters are recommended for low gas 
concentration, and where gas concentration is about 1 per cent 
by volume of air, breathing apparatus has to be used.
APPENDIX 2
THE AIR PURIFYING RESPIRATORS
These respirators provide protection by removing the air­
borne contaminants from the inhaled air through a suitable 
filter media before they enter the respiratory tract. Air 
purifying respirators can be categorised into three main 
groups:
i) Disposable dust masks
ii) Half mask dust or chemical cartridge respirators 
(or a combination of both)
iii) Full face dust or gas filter respirators 
(or a combination of both).
DISPOSABLE DUST MASKS
These are valveless respirators designed for protection 
against low concentration of nuisance dusts or organic vapours 
and fumes. They are single used devices and the filter media 
employed are usually cotton pads, or one-piece moulded organic 
fibres (Figure 42). The majority of these are light weight 
and easy to maintain, and most of them are not approved by 
the Health and Safety Executive, because of their low protective 
value.
Dust mask. Single use, throw away respirators
Single filte r dust or chemical 
cartridge respirator.
Twin filte r dust or chemical 
cartridge resp ira to r.
Figure 42 : The disposable masks and the reusable respirators
[ Martindale Protection Ltd. 1980 ].
High effic iency dust canister 
respirator.
Gas canister respirator
Figure 43 : Full face dust and gas canister respirators.
[ Siebe Gorman Co. Ltd. 1980 ].
HALF MASKS DUST AND CHEMICAL CARTRIDGE RESPIRATORS
These respirators are designed to provide light weight and 
compactness, and are aimed at providing a good face fit to 
the majority of wearers. The facepiece is designed to 
enclose the nose, mouth and the chin of the wearer (Figure 42) 
The respirators offer an inter-changeability of the filter 
system.
The permitted face seal leakage of these respirators is 5 
per cent, whilst the filters penetration varies from 2 per 
cent to 10 per cent. The Nominal Protection Factor (npf) 
of the dust respirators is .below 10 and the npf of the chemical 
cartridge respirators is below 20. The majority of the dust 
respirators are approved by the Health and Safety Executive 
under the relevant statutory instruments (e.g. The Asbestos 
Regulation, 1969) for use in specific hazardous environments. 
The maximum concentration in which chemical cartridge 
respirators can provide protection is 0.1 per cent of the 
volume of air.
FULL FACE DUST. AND GAS FILTER RESPIRATORS
These respirators were designed to enclose the eyes, nose, 
mouth and chin of the wearer (Figure 43). The facepiece 
consists of an inner mask to reduce the dead space (i.e. 
approx. 200 c.c.). The permitted face seal leakage of these 
devices is 0.1 per cent, and the filtration efficiency of the 
dust filters varies from 99.0 per cent to 99.99 per cent, 
hence a nfp of 1000 can be achieved. The respirators 
equipped with gas canisters are designed for protection against
gas and vapour concentration of below 1 per cent of the 
volume of air and the npf of these respirators is 400.
THE POSITIVE.PRESSURE, POWERED DUST RESPIRATORS
The aim of the design is to purify the contaminated air 
by drawing the contaminated air stream through a filter 
medium. The air is drawn to the filter by a power driven 
centrifugal blower, the filtered air being first delivered 
to the facepiece (Figure 44). Due to the constant supply of 
clean surplus air to the wearer, the breathing resistance 
normally encountered in the negative pressure respirator is 
eliminated, and thus the wearer acceptance of the device is 
greatly enhanced. T h e .respirator with standard filters 
normally provides a npf of 500, however, the limitation of 
the device is its relatively high maintenance cost.
THE AIR PURIFYING FILTERS
All filter media used in these respirators do not offer 
protection against oxygen deficient air, and they should not 
be used.in an atmosphere where the airborne contaminants are 
immediately dangerous to life. Air purifying.filters can be 
classified into two basic groups:
i) Particulate filter .
ii) Sorbent filter.
The particulate filters are designed for the removal of dusts 
and water based mists. The media used are usually resin
Full face mask air 
purifying respirator
Helmet air purify 
respirator
Half mask air purify ing respirator
Figure 44 : The positive pressure, powered dust respirators.
[ Martindale Protection Ltd. 1980 ].
treated wool or felt, moulded glass fibres and paper.
These filters are graded into different levels of efficiency 
according to their abilities to retain the contaminants and 
these normally vary from 90 per cent to 99.99 per cent 
depending on the electrostatic properties, optimum fibre 
diameters and filtration capacity. In practice, the filter 
efficiency increases as the application continues, due to the 
clogging process. The service life of the filter is usually 
influenced by a set of factors, such as the rate of diffusion, 
the filtration velocity, the density of the filter packing, 
the particle size of the contaminants, and the dust loading 
characteristics. The particulate filters are normally 
manufactured in two levels of efficiency: the standard filter
with medium filtration efficiency, and the high efficiency 
filter (Figure 45). All approved particulate filters are 
tested for their resistances, and filtration efficiencies.
Sorbent filters are classified into two groups: the chemical
cartridge filter (Figure 46) and the gas canister filter 
(Figure 47). The chemical cartridge filters are intended 
for vapour concentration of below 0.1 per cent of the volume 
of the challenge air. The service life of the sorbent filters 
varies with the influencing factors, such as the type and 
concentration of the gaseous and vapourous phase, the rate 
of filtration, the temperature and humidity of the operating 
conditions, and bed depth of sorbent packing. Most sorbent 
filters offer a shelf life of 1 year when kept under the optimum 
storage conditions.
The sorbent filters are designed for protection against low
_ Polypropylene cartridge
.•— Cotton gauze 
Resin wool
filter cartridge.
\,\
\
r\
f\
/
$
A/
./
Air
Paper or Electrostatic Resin wool
High efficiency filter cartridge.
Figure 45 : The particulate filters [ Draeger Safety. 1980]
Metal cartridge .
Semi -  fe lt .
/
/  / " ‘ "Organic vapour adsorbent .
Semi- fe lt.
• Perforated lid
Organic vapours filter cartridge
- Activated charcoal
/
S e m i-fe lt.
perforated disc .
Air
y—  Metal or thermal - plastic 
casing.
lilt
Gas filter cartridge 
Figure 46 i The sorbent filters : Organic vapours and Gas cartridges
[ Draeger Safety. 1980 ].
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A m m ° f e r h e n t
Acid gas
absorb ent
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Spring.
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chloride.
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impregnated with 
m etallic s a lts .
Sodium or Potassium  
hydroxide with lime.
Activated charcoal.
Perforated metal plate
Figure 47 : The sorbent filters : Gas canister [ AIHA-AG CIH
1963 ].
concentration of toxic gases and vapours. The absorption 
and absorption of the liquid phase contaminants is primarily 
due to the large porous surface area of the sorbent materials. 
The typical examples of these materials are granular 
activated carbon, activated alumina (porous aluminium oxide), 
silica gel (colloidal silica) and hopcalite (mixture of porous 
manganese and copper oxides). These media exhibit a high 
sorbing rate and large retentive capacity against specific 
vapours phase contiminants whilst retaining their shapes and 
sizes.
All chemical and gas filters are labelled with the date of 
manufacture and their intended applications. In Europe, 
under the auspices of the European Committee for Standardisation 
(C.E.N.), collaboration has been made amongst the C.E.N. 
members to generate a harmonized standard in the definitions 
and applications of the respiratory protective equipment
APPENDIX 3
THE SUPPLIED AIR BREATHING APPARATUS
Any respiratory protective equipment with a clean air supply 
to the wearer for breathing from a compressed air source, or 
an air cylinder carried by the wearer, is defined as a breath­
ing apparatus. This equipment can be classified into two 
main types:
i) The air line breathing apparatus
ii) The self-contained breathing apparatus.
The air line breathing apparatus can be sub-divided into 
fresh air hose breathing apparatus, and compressed air line 
breathing apparatus. The former consists of a full face 
mask attached to a large bore wire reinforced hose (Figure 48). 
The wearer receives the air supply through his own inspiratory 
efforts. The maximum hose length recommended for non­
assisted air hose breathing apparatus is 9 meters, whilst the 
assisted air hose breathing apparatus (foot operated blower, 
or electric driven blower) is 36 meters.
The compressed air line breathing apparatus receives its clean 
air supply from the air compressor. The clean filtered air 
from the compressor is delivered to the wearer by a reinforced 
air hose (usually 10mm bore). The maximum recommended hose 
length is 90 meters. Because of the continuous air supply 
delivered into the facepiece, a positive pressure inside the
Mask
Exhalation valve Speech
diaphragmBreathing tube
Waist belt
A ir hose
Foot operated blower
Air inlet
Safety hook
Figure 48 : The air line breathing apparatus [ Chubb 
panorama Ltd. 1980 ].
/ " r - s ' a
compressor j/ j^|
Half mask Full face mask Hood and blouse Helmet and cape
Figure 49 : The compressed air line equipment [ Rummil
Ltd. 1981 ]
facepiece is normally achieved (Figure 49).
The nominal protection factor offered by this equipment is 
2000, which is equivalent to the inward leakage value of 
approximately 0.05 per cent. The purity of the compressed 
air has to be maintained to the breathing air quality specified 
in B.S.I. 4667, part 3.
THE SELF-CONTAINED BREATHING APPARATUS (S.C.B.A.).
These devices supply breathing air to the person from the 
compressed air cylinders carried by the wearers. S.C.B.A. 
can be classified into two-classes: the closed circuit
breathing apparatus, and the open circuit breathing apparatus. 
The former can be sub-divided into recirculatory compressed 
oxygen S.C.B.A., and oxygen generating S.C.B.A. The 
recirculatory oxygen S.C.B.A. operates by metering a pre­
determined volume (normally 2.5 L/min"1)of oxygen into the breathing 
bag to enrich the air prior to rebreathing (Figure 50).
The oxygen generating S.C.B.A. operates by producing enough 
quantity of oxygen from the chemical reaction between the water 
vapour of the wearer's exhaled breath with a sufficient amount 
of potassium tetroxide; the oxygen generated is passed into 
the breathing bag to enrich the breathing air. In theory, all 
closed circuit S.C.B.A. operate on a similar principle. The 
exhaled breath is recycled after the carbon dioxide is 
purified by the soda lime and cooled by the calcium chloride 
or sodium phosphate. The normal safe working durations vary 
from 45 minutes to 120 minutes, depending on the capacities of
Exhalation tube. 
Inhalation tube . 
Breathing bag • 
Cooling canister
Oxygen by-pass
valve I
Mask.
-  Inner m ask.
Speech diaphragm. 
•.................... Harness.
s \ -  Pressure gauge.
Warning whistle.
•Oxygen cylinder. 
Comfort p ad .
Cylinder valve.
Figure 50 : The Self-contained, closed circuit breathing 
apparatus [ Home Office 197U ] .
Exhalation valve *•
Harness
Backplate
Quick
release
buckle
Cylinder valve
— Mask.
Inner mask- 
Speech diaphragm
Demand valve .
Pressure gauge. 
Warning whistle.
— Breathing tube.
Figure 51 : The Self-contained, open circuit breathing
apparatus [ Chubb panorama Ltd. 19Q0 ].
the oxygen sources and the work rate involved. The nominal 
protection factor provided by this equipment is 2000 and 
they are used mainly in the fire services.
THE OPEN CIRCUIT S.C.B.A.
These are devices which supply breathing air from a compressed 
air cylinder to the wearer. Each device consists of a full 
face mask complete with an exhalation valve and a speech 
diaphragm, and a compressed air cylinder (Figure 51). The 
high pressure air (20 bar) is delivered to the facepiece by 
the breathing tube where the second stage pressure reducer 
lowers the pressure to a breathable level (i.e. 5 to 6 bar). 
The normal safe working duration of a fully charged cylinder 
varies considerably according to the work rate, capacity of 
the cylinder, and the lung capacity of the wearer. As a 
guide, at moderate activities (i.e. walking at 6.5 KM/Hr) with 
air consumption at 40 L/mirrVpproximately, the normal duration o 
application using a 1240 litres cylinder is 3.1 minutes.
In practice, devices with a working duration of less than 30 
minutes are classified as emergency escape breathing apparatus 
(Figure 52). The air holding capacity of these cylinders 
ranges from 1200 litres (12 kg) to 3000 litres (39 kg) and 
they are normally charged at 137 bar to 300 bar respectively. 
The working duration of these cylinders ranges from 25 
minutes to 60 minutes and low pressure warning whistles are 
normally incorporated into the cylinder as a safety device.
The nominal protection factors provided by open circuit
Short duration 
compressed air 
cylinder.
Sling harness.
Cylinder valve. 
W arning whistle.
Mask.
Bemand valve.
— ......... - .................. — Pressure gauge.
Figure 52 : The Emergency escape breathing apparatus
[ Sabre Safety Ltd. 1979 ].
Exhalation
Breathing cycle
Inhalation
Atmospheric + 
pressure ”
Figure 53 : The inspiratory and expiratory cycles of
the positive pressure equipment t AIHA-
AGCIH . 1963 ].
S.C.B.A. are about 2000. All S.C.B.A. are tested and 
approved under the Joint Testing Memorandum by the relevant 
authorities (i.e. H. M. Factory Inspectorate, Department 
of Trade, Department of Energy and the Fire Department at 
the Home Office) to the B.S.I.4667 requirements. Because 
of the positive pressure within the facepiece, due to the 
surplus air delivered from the cylinders, the inspiratory 
and expiratory cycles are performed slightly above the normal 
pressure (Figure 53).
Although supplied air breathing apparatus is designed for use 
in highly dangerous atmospheres where contiminants may be of 
immediate danger to life, they are able to offer the wearer 
an independent air supply, regardless of the concentration of 
the contaminants, however, the limitations are the weight and 
bulkiness, and the care required in the use and maintenance 
of the devices.
SPECIAL SUPPLIED AIR EQUIPMENT
In environments where supplied air breathing apparatus is 
used, there is often a need for suitable chemical protective 
clothing to be used in conjunction with the breathing apparatus, 
so that the skin contact with the chemicals (i.e. liquid 
chemicals) can be avoided. The chemical-proof clothing with 
an integral air supply system has progressively been adopted 
in various types of industry. These types of clothing are 
normally manufactured from an impervious material (e.g.
Neoprene coated P.V.C. or Viton coated P.V.C.). The systems 
are normally operated above the atmospheric pressure (5 to 10 mm 
H^O). the breathing air is supplied to the clothing at a
pressure of between 0.7 bar to 6 bar, and an air volume 
• -1 _ 1between 140L/nnin to 400 L/min The nominal protection factors 
offered by the air supplied clothing (Figure 5 4 ) is estimated 
to be above 2000.
Self-contained — 
breathing 
apparatu s .
Neoprene 
glove.
Neoprene .........{-
fa b r ic .
Venting port
Self-contained ~j 
breathing 
apparatus
Full face mask
Compressed 
air hose.
\
r pvc
Reinforced
fabric.
Neoprene
fabric.
Neoprene
glove
Rubber boot
G as-p ro o f garment Chemical proof garment
Figure 54 : The supplied air
—  Clear PVC hood .
  Reinforced PVC fabric .
  PVC glove .
 Rubber b o o t.
Dust proof garment
equipment [ RFD (nflatables Ltd.
1980 ] .
APPEND IX  4
RESPIRATORY PROTECTION FACTORS
Respirator protection factors (Hyatt E.C., 1971) were 
originally introduced to assess the capability of the 
respirators to reduce the airborne contaminants.
The C is normally taken as the time weighted average (TWA) 
a
of the contaminant over an eight hour period, and the is 
normally taken as the threshold limit value (TLV) of the 
contaminant. Therefore Pf can be expressed as the ratio of 
TWA to the TLV.
In the U.K., B.S.I.4275 (1974) ascribed a nominal protection 
factor (npf) for each type of respirator. This npf has 
included the allowable inward leakage value given to the 
respirators, thus the npf is now defined as the ratio of the 
airborne concentration present in the environment to the 
concentration of contaminant present in the facepiece at 
maximum allowable inward leakage.
Protection factor
Ambient concentration of contaminants.
Concentration of contaminants in the mask.
Nominal protection factor =
x r  
100 1
Where Ca = Ambient concentration of 
contaminants.
C-j = Concentration of contaminants 
in the mask •
x = Maximum allowable inward 
leakage .
All approved respirators are ascribed with a nominal 
protection factor.
APPENDIX 5
TRAINING AND MAINTENANCE PROCEDURES
Before the respirators are issued to the wearers, correct 
training procedures must be provided. The training programme
is to be aimed at providing the necessary understanding of
the correct use of respirators. On completion of the 
training, the wearers will be able to:
i) Realise the potential risk involved if the 
respirators provided are not worn.
ii) Understand the limitations and the capabilities
of the devices issued to them.
iii) Effectively operate the devices without 
supervision.
iv) Effectively carry out the emergency coping 
procedures when the normal functioning of the 
system is out of order.
For employees who are charged with the responsibility of 
cleaning and maintaining the respirators, proper instruction 
in the correct procedures must be given. The essential 
elements of the instructions are:
a) Respirators must be stored away from radiant heat to
reduce the rate of aging and acceleration of the 
natural distortion of the rubber mask.
Chemical cartridges and canister must be stored in 
clean, dry cupboards, at correct humidities.
The polythene seals of the spare chemical cartridges 
and canisters must be kept unbroken in storage until 
the time application.
The duration of the application of the chemical 
cartridges and canisters are recorded, so that an 
estimation of their functional lives can be readily 
assessed.
The decontamination .and disinfection procedures are 
correctly carried out.
The accurate assessments of the reusability of the 
respirators after, each cleaning process must be made 
and the worn out components should be replaced where 
required.
APPENDIX 6
d e c o n t a m i n a t i o n  _a n d  _S TOR AGE j p r o c e d u r e s .
Respirators are used to challenge a multiplicity of 
industrial contaminants and therefore there is a need for 
selective cleansing and disinfection techniques for these 
devices after each application. For example, in order to 
obtain a satisfactory decontamination of the respirators used 
against the organic phosphate pesticides, the devices should 
be first washed with a solution of alkaline detergent, then 
rinsed with 50 per cent ethyl alcohol.
The disinfectant solutions used are normally powerful 
bactericides and the common disinfectant solutions are:
i) A 200 ppm solution of Quaternary Ammonia Compounds.
ii) A solution of hypochlorite containing 50 ppm of 
chlorine.
iii) A 50 ppm of iodine solution.
The respirators disinfected with these solutions should be 
rinsed with clean, warm water to avoid any dermatitic effect 
to the skin, the ageing of the rubber mouldings and the corrosion 
of the metal components. The decontaminated respirators 
are stored in a clean dry area, away from radiant heat.
Appendix 7
Statistical treatment
The methods adopted in the statistical analysis of the results a re  
given below : -
1. Arithmetic mean ( x ) by direct method.
2. Standard deviation ( S.D.) by direct method.
3. Range ( r" ).
A. Control limits ( For facial measurements).
5. Significance test ( Student's t-test ) for the 
difference between two means .
6. Variance Ratio test ( Snedecor F- test ) for the
difference between two variances .
7. Fractiles.
8. Coefficient of correlation.
1. Arithmetic mean (x ) by direct method
X  =
n
Where ^ELx = Sum of the observed values. 
n = Sample size.
2. Standard deviation ( s. D.) by direct method.
Where "SI ( X  - X  )2 = Sum of the squares of
3. Range ( R ) .
R = Highest value - Lowest value .
A. Control limits ( For facial measurements ) .
Upper limits = X  + 2 S. D.
Lower limits = X  - 2 S.D.
the difference between 
the observed values (X)
and the mean ( X ).
D = Sample size .
J ~  = Square root .
5. Significance tests ( Student's f -te s t ) for the difference between two
sample means [ variances known ]
Statistical data 
Size
Sum of the observed values
Known values of the variances of the population
Significance level chosen =
Sample X
n 7 
*7
CTi
Calculations
X,I r)2
X = x2
ad  = / 4 + ° L  
n1 n2
U1 - oC U d =
U1 - oi/2 06 =. 
Results
Comparison of the two population means : Two sided case . 
The hypothesis of the equality of the means ( Null hypothesis ) 
rejected if C X7 — X2 ] ^7  — oCl2(Jd .
f l u }
Ui -  oCj2u
Sample y 
n2
or
(NlCN
6. Variance Ratio Test ( Snedecor test ) for difference between two
sample variances.
Statistical data
Sample X Sample Y
Size n i n2
Sum of the observed values "S X j
Sum of the squares of the observed values ~2.Xf xxf
Degrees of freedom Vr nr 1 V2  ^n2~ 1
Significance level chosen *  = 
Calculations
= S ^ | -  -p - >2 =
■£.( X2 X2)2 = XXj J ^ x2 f  =
n 2
2 =  ’z . j X - i - X l  )2 _
? n 1 -  1
<?2 _ -^( X? X? )2 —
2 ~ n , - .
F1 -<*■( Vf ' V2) =
- <*-12 I V1 , V2 ) =
Results
Comparison of the population variances : One sided cases
[ 1 ] The hypothesis that the 1st variance :(* the 2nd( Null hypothesis) 
is rejected if s 2
>  F1 - oc ( Vl , ^  ;
S2
[ 2 ]  The hypothesis that the 1s variance <£ the 2nd (N u l l  
hypothesis ) is rejected if § 2  f
s| ^  F1 -o l (V2 .V1)
o6
F « . (  V,. Vo>
1_____
f, -o<(v2. ly
oC
F1 - oe f V- . V? )
7. Fractiles
Required fractile. = Lower class limit 
of fractile class.
Fractile -  Cumulative frequency 
item. up to lower class limit 
of fractile c lass.
Fractile class frequency
x Fractile class 
interval
8 . Coefficient of correlation [ r ] .
xy -  *nxy
n  6X Oy
Where n = the number of pairs
APPENDIX 8
1. Facial dimensions of Group 1 subjects (n = 24).
2. Facial dimensions and face seal inward leakage of 
Group 2 subjects (n = 160).
Facial dimensions of Group 3 subjects (n = 210).
TABLE 18 : FACIAL DIMENSIONS OF GROUP 1 SUBJECTS
(n = 24)
NO.
FACIAL DIMENSIONS
FACE LENGTH (mm) LIP WIDTH (mm)
1. 126.0 59.0
2. 126.0 46.0
3. 116.0 46.0
4. 119.0 41.0
5. 116.0 52.0
6. 122.0 50.0
7. 114.0 46.0
8. 134.0 52.0
9. 114.0 44.0
10. 117.0 46.0
11. 128.0 46.0
12. 134.0 52.0
13. 111.0 42.0
14. 105.0 45.0
15. 116.0 46.0
16. 131.0 45.0
17. 102.0 47.0
18. 122.0 49.0
19. 117.0 46.0
19. 117.0 46.0
20. 118.0 47.0
21.* 115.0 41.0
22.* 113.0 42.0
23.* 103.0 37.0
24.* 102.0 41.0
Mean 117.5 46.2
S..D. 9.1 4.5
TABLE 19: FACIAL DIMENSION AND FACE SEAL INWARD LEAKAGE
OF GROUP 2 SUBJECTS (n = 160)
NO
MEAN FACE SEAL 
INWARD LEAKAGE 
(%)
FACE
LENGTH
(mm)
LIP
WIDTH
(mm)
1. 0.0 115.0 56.0
2. 0.34 121.0 47.0
3. 0.34 126.0 40.0
4. 0.36 124.0 49.0
5. 0.19 129.0 46.0
6. 0.31 125.0 47.0
7. 1.38 111.0 58.0
! 8.! 0.52 106.0 54.0
| 9.* 1.20 110.0 45.0
10. 0.91 131.0 57.0
11. 1.53 127.0 60.0
12. 0.33 113.0 53.0
13. 0.52 129.0 54.0
14. 0.83 123.0 48.0
15. 0.72 107.0 46.0
16. 1.03 107.0 54.0
17.* 0.06 111.0 47.0
18. 0. 72 108.0 50.0
19. 1.11 115.0 49.0
20. 1.05 134.0 55.0
21. 0.52 127.0 47.0
22. 0.98 109.0 58.0
23. 0. 85 121.0 48.0
24. 1.29 105.0 48.0
25. 0.60 104.0 44.0
26. 0.67 111.0 50.0
27. 0.58 122.0 50.0
28. 0.69 110.0 49.0
29. 0.58 114.0 53.0
30. 1.62 119.0 54.0
31. 0.95 114.0 48.0
32. 0.43 115.0 48.0
33. 0.45 113.0 42.0
34. 0.77 112.0 58.0
35. 0.36 109.0 47.0
36. 0.89 115.0 50.0
37. 0.86 127.0 50.0
38. 1.38 112.0 44.0
39. 1.38 121.0 43.0
40. * 1.00 106.0 38.0
41. 0.69 118.0 50.0
42. 0.69 114.0 45.0
43. 0.69 122.0 53.0
44. 1.58 107.0 48.0
45. 0. 86 111.0 42.0
46. 0.86 116.0 49.0
47. 0.36 100.0 46.0
48. 1.70 114.0 46.0
49. 1.70 104.0 53.0
50.* 2.10 106.0 50.0
51. 2.90 97.0 41.0
52. 4.00 117.0 53.0
53. 2.00 113.0 47.0
54. 4.10 105.0 49.0
55.* 3.60 103.0 42.0
56. 2.20 113.0 44.0
57. 3.30 114.0 47.0
58. 2.20 113.0 48.0
59.* 2.10 102.0 44.0
60. 2.50 111.0 47.0
61. 3.00 103.0 58.0
62. 2.10 113.0 40.0
63. 2.10 109.0 47.0
64. 2.10 104.0 47.0
65.* 3.30 104.0 48.0
66.* 2. 20 101.0 47.0
67.* 2.20 112.0 45.0
*00CD 2.50 103.0 48.0
69. 3.10 115.0 51.0
70. 2.60 108.0 49.0
71.* 4.40 104.0 48.0
72. 3.30 100.0 52.0
73. 1.60 114.0 47.0
74. 3.60 118.0 45.0
75. 3.30 124.0 53.0
76. 2.20 118.0 50.0
77. 3.30 114.0 47.0
78. 4.60 112.0 44.0
79.* 4.60 101.0 39.0
80 2.30 115.0 52.0
81. 2.00 113.0 50.0
82. 2.20 114.0 43.0
CO00 3.40 113.0 53.0
00 2.10 115.0 51.0
85.* 1.90 100.0 47.0
86. 2.10 104.0 45.0
87. 2.00 104.0 48.0
0000 2.40 108.0 50.0
*<y>00 3.40 100.0 47.0
90.* 2.10 108.0 32.0
91. 4.00 117.0 48.0
92. 3.20 113.0 48.0
CO 3.40 110.0 42.0
94. 2.30 110. 0 46.0
95. 2.40 107.0 49.0
96. 3. 30 107.0 43.
97. 3. 30 108.0 47.
98. 2. 30 114.0 57.
99. * 2.10 105.0 53.
100. 3.30 109.0 48.
101. 2.10 106.0 48.
102.* 5.70 102.0 45.
103.* 6.80 99.0 43.
104.* 5.20 111.0 47.
105. 6.30 112.0 50.
106. 8.50 113.0 43.
107.* 7.60 97.0 45.
108.* 7.10 108.0 47.
109. 6.50 119.0 52.
110.* 5.50 103.0 43.
111. 7.90 107.0 42.
112. 8.40 114.0 57.
113. 7.20 107.0 45.
114. 5.00 103.0 42.
115. 5.00 110.0 51.
116. 8.80 118.0 50.
117 6.90 125.0 39.
118. 6.90 106.0 -
119.* 9.30 112.0 46.
120.* 8.30 103.0 46.
121.* 5.90 103.0 47.
122.* 6.90 93.0 44.
123. 5.30 104.0 49.
124. 7.40 118.0 58.
125. 6.80 112.0 47.
126. 5.20 123.0 44.
127'. 5.20 114.0 46.
128. 5.80 121.0 44.
129. 5.20 117.0 58.
130.* 8.30 106.0 50.
131. 5.60 107.0 48.
132.* 11.20 116.0 46.
133.* 10.10 107.0 48.
134.* 12.20 118.0 41.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
135. 13.10 130.0 46.0
136. 14.10 128.0 60.0
137.* 13.30 106.0 54.0
138. 11.20 108.0 48.0
139. 12.90 114.0 47.0
140.* 11.20 97.0 43.0
141. 11.80 118.0 47.0
142. 10.40 107.0 48.0
143.* 10.70 104.0 46.0
144.* 13.20 99.0 51.0
145.* . 10.40 109.0 48.0
146. 11.90 119.0 48.0
147.* 12.40 98.0 43.0
148.* 9.40 98.0 42.0
149. 12.00 100.0 45.0
150.* 11.00 113.0 46.0
151.* 15.20 107.0 54.0
152. 18.10 105.0 43.0
153. 18.40 118.0 44.0
154. 15.00 109.0 48.0
155.* 12.50 107.0 42.0
156. 15.00 107.0 47.0
157.* 18.50 102.0 56.0
158.* 22.20 113.0 44.0
159. 26.10 113.0 55.0
160.* 21.10 94.0 46.0
Mean 4.90 111.2 48.0
S.D. 5.10 8.10 4.70
* Female subjects.
TABLE 20 : FACIAL DIMENSION OF GROUP 3 SUBJECTS
(n = 210).
NO. FACE LENGTH (mm) LIP WIDTH (mm)
1. 105.0 47.0
2. 113.0 47.0
3. 113.0 51.0
4. 98.0 45.0
5. 111.0 50.0
6. 109.0 52.0
7. 114.0 47.0
8. 105.0 47.0
9. 104.0 48.0
10. 109.0 50.0
11. 117.0 55.0
12. 97.0 47.0
13. 115.0 52.0
14. 102.0 45.0
15. 105.0 48.0
16. 114.0 56.0
17. 109.0 50.0
18. 94.0 52.0
19. 94.0 43.0
20. 110.0 52.0
21. 108.0 45.0
22. 110.0 46.0
23. 110.0 55.0
24. 111.0 47.0
25. 108.0 50.0
26. 109.0 55.0
27. 110.0 52.0
28. 110.0 55.0
29. 118.0 55.0
30. 99. 0 50.0
31. 110.0 55.0
32. 107.0 45.0
33. 114.0 52.0
34. 110.0 45.0
35. 104.0 54.0
36. 104.0 51.0
37. 110.0 55.0
38. 108.0 47.0
39. 105.0 48.0
40. 103.0 56.0
41. 113.0 57.0
42. 112.0 54.0
43. 102.0 58.0
44. 98.0 44.0
45 103.0 50.0
46. 99.0 55.0
47. 120.0 60.0
48. 123.0 52.0
49. 104.0 47.0
50. 114.0 60.0
51. 107.0 49.0
52. 113.0 53.0
53. 106.0 57.0
54. 93.0 49.0
55. 104.0 53.0
56. 118.0 60.0
57. 121.0 49.0
58. 97.0 48.0
59. 107.0 49.0
60. 104.0 50.0
61. 103.0 49.0
62. 124.0 60.0
63. 115.0 50.0
64. 118.0 59.0
65. 114.0 48.0
66. 112.0 59.0
67. 113.0 60.0
68. 125.0 60.0
69. 114.0 50.0
70. 128.0 48.0
71. 113.0 53.0
72. 113.0 58.0
73. 100.0 48.0
74. 106.0 49.0
75. 116.0 55.0
76. 113.0 57.0
77. 108.0 56.0
78. 110.0 55.0
79. 108.0 45.0
80. 111 .0 51.0
81. 104.0 55.0
82. 107.0 45.0
83. 110.0 45.0
84. 102.0 55.0
85. 114.0 50.0
86. 108.0 48.0
87. 98.0 44.0
88. 102.0 48.0
89. 108.0 50.0
90. 109.0 48.0
91. 101.0 48.0
92. 98.0 47.0
93. 110.0 55.0
94. 117.0 55.0
95. 103.0 50.0
96. 118.0 57.0
97. 115.0 55.0
98. 117.0 57.0
99. 113.0 50.0
100. 121.0 58.0
101. 104.0 53.0
102. 115.0 56.0
103. 113.0 52.0
104. 114.0 50.0
105. 118.0 55.0
106. 103.0 54.0
107. 120.0 50.0
108. 116.0 57.0
109. 112.0 55.0
110. 122.0 55.0
111. 107.0 47.0
112. 114.0 42.0
113. 100.0 48.0
114. 110.0 54.0
115. 103.0 47.0
116. 99.0 43.0
117. 114.0 55.0
118. 114.0 57.0
119. 114.0 48.0
120. 108.0 50.0
121. 124.0 50.0
122. 103.0 50.0
123. 112.0 55.0
124. 108.0 50.0
125. 104.0 49.0
126. 102.0 51.0
127. 113.0 56.0
128. 109.0 50.0
129. 94.0 48.0
130. 108.0 50.0
131. 108.0 46.0
132. 105.0 48.0
133. 110.0 50.0
134. 109.0 47.0
135. 112.0 60.0
136. 105.0 60.0
137. 117.0 48.0
138. 114.0 55.0
139. 113.0 56.0
140. 107.0 49.0
141. 110.0 49.0
142. 120 56.0
143. 110.0 47.0
144. 119.0 55.0
145. 115.0 54.0
146. 112.0 47.0
147. 117.0 47.0
148. 113.0 48.0
149. 112.0 54.0
150. 104.0 48.0
151. 114.0 53.0
152. 112.0 49.0
153. 117.0 48.0
154. 117.0 49.0
155. 122.0 50.0
156. 99.0 51.0
157. 119.0 40.0
158. 122.0 56.0
159. 106.0 50.0
160. 108.0 48.0
161 . 108.0 47.0
162. 112.0 50.0
163. 113.0 48.0
164. 115.0 55.0
165. 113.0 48.0
166. 104.0 48.0
167. 117.0 48.0
168. 113.0 50.0
169. 112.0 52.0
170. 107.0 50.0
171. 111.0 49.0
172. 114.0 50.0
173. 115.0 50.0
174. 118.0 47.0
175. 98.0 ' 43.0
176. 104.0 45.0
177. 106.0 52.0
178. 112.0 50.0
179. 129.0 48.0
180. 109.0 52.0
181. 99.0 45.0
182. 114.0 48.0
183. 108.0 54.0
184. 114.0 50.0
185. 117.0 48.0
186. 108.0 55.0
187. 118.0 56.0
188. 119.0 55.0
189. 120.0 57.0
190. 106.0 50.0
191 . 113.0 53.0
192. 113.0 50.0
193. 117.0 54.0
194. 118.0 49.0
195. 119.0 63.0
196. 116.0 54.0
197. 114.0 52.0
198. 114.0 50.0
199. 120.0 60.0
200. 121.0 60.0
201 . 115.0 60.0
202. 98.0 50.0
203. 112.0 56.0
204. 113.0 48.0
205. 114.0 56.0
206. 108.0 52.0
207. 103.0 50.0
208. 118.0 50.0
209. 107.0 56.0
210. 114.0 56.0
Mean 110.4 51.3
S.D. 6.8 6.1
APPENDIX 9
1. Facial contour measurements of Group 2 subjects, 
(n = 160).
2. Facial contour measurements of Group 3 subjects, 
(n = 210).
TABLE 21 : FACIAL CONTOUR MEASUREMENTS OF GROUP 2
SUBJECTS (n = 160).
FACIAL CONTOUR MEASURMENTS
(mm)
NO.
NASAL ROOT MID-FACE LOWER-FACE
(Q) (R) (S)
1 24 124 117
2 34 97 95
3 43 110 105
4 26 100 75
5 21 103 86
6 18 - 90
7 26 88 85
8 28 83 81
9* 29 108 101
10 25 106 109
11 74 95 85
12 21 - 82
13 70 100 115
14 21 91 82
15 25 101 80
16 50 90 73
17* 51 95 89
18 22 108 88
19 47 97 87
20 30 97 91
21 24 101 93
22 24 88 75
23 21 96 89
24 25 88 84
25 26 85 86
26 71 100 75
27 54 116 90
28 20 83 78
29 71 70 82
30 18 100 87
31 75 110 88
32 22 99 85
33 46 96 84
34 35 101 86
35 23 116 84
36 90 118 100
37 23 95 75
38 71 95 87
39 82 108 88
40* 73 104 82
41 90 104 91
42 19 97 94
43 25 105 97
44 28 97 77
45 21 84 78
46 27 98 82
47 22 88 75
48 63 85 82
49 25 88 75
50* 56 87 75
51 31 78 70
52 73 99 74
53 20 84 82
54 73 88 -
55* 73 103 92
56 94 85 74
57 25 111 90
58 21 100 86
59* 41 84 90
60 67 94 -
61 45 108 96
62 68 82 81
63 22 87 73
64 24 91 101
65* 78 113 84
66* 83 94 83
67* 73 109 88
68* 75 104 89
69 20 99 90
70 75 112 -
71* 80 105 91
72 25 86 85
73 17 78 79
74 64 96 74
75 50 115 116
76 15 116 111
77 60 102 93
78 21 94 73
79* 76 102 89
80 84 105 86
81 37 97 86
82 22 97 76
83 77 105 85
84 79 85 97
85* 27 107 88
86 30 99 86
87 20 102 95
88 20 90 92
89* 19 90 99
90* 69 103 92
91 20 102 70
92 22 104 75
93 54 82 64
94 27 92 75
95 22 103 81
96 65 98 81
97 26 83 79
98 24 93 74
99* 76 112 94
100 34 97 95
101 23 91 65
102* 26 95 88
103* 77 101 80
104* 74 100 87
105 73 97 97
106 65 89 80
107* 68 101 95
108* 78 101 97
109 38 90 47
110* 20
0000 77
111 49 94 77
112 80 91 79
113 52 69 -
114 65 138 81
115 21 97 78
116 19 115 107
117 19 89 -
118 18 94 -
119* 74 110 97
120* 22 107 97
121* 69 106 83
122* 65 93 74
123 24 97 88
124 80 114 108
125 19 76 74
126 84 101 82
127 70 98 82
128 20 79 66
129 18 101 89
130* 20 107 101
131 17 88 83
132* 24 108 110
133* 23 105 94
134* 68 107 93
135 27 87 70
136 31 112 92
137* 80 101 106
138 21 77 83
139 81 113 -
140* 53 103 90
141 96 95 107
142 65 78 68
143* 22 108 92
144* 75 114 86
145* 76 98 73
146 21 101 88
147* 73 93 84
148* 45 102 84
149 66 99 89
150* 91 84 85
151* 79 102 93
152 72 85 96
153 18 103 -
154 84 95 87
155* 73 84 94
156 74 93 86
157* 51 107 97
158* 20 95 83
159 20 95 83
160* 81 91 87
Mean 45.9 96.9 86.3
S.D. 25.0 11.0 17.3
*Female subjects.
TABLE 22 : FACIAL CONTOUR MEASUREMENTS OF GROUP 3
SUBJECTS (n = 210)
NO.
FACIAL CONTOUR MEASUREMENTS
NASAL ROOT 
(Q)
MID-FACE
(R)
LOWER FACE 
(S)
1 19 93 103
2 26 81 68
3 92 75 78
4 82 - 85
5 56 104 86
6 24 101 88
7 79 114 95
8 15 96 95
9 27 97 70
10 21 102 87
11 43 88 72
12 49 105 84
13 19 91 85
14 32 90 99
15 26 92 92
16 22 116 109
17 24 91 73
18 76 87 -
19 79 100 78
20 77 92 72
21 18 88 80
22 22 107 82
23 21 95 93
24 22 119 99
25 22 102 90
26 18 100 107
27 23 95 85
28 24 100 86
29 79 82 78
30 30 102 86
31 28 91 85
32 27 97 76
33 20 100 84
34 71 93 82
35 72 93 77
36 19 86 74
37 13 104 75
38 22 108 86
39 70 95 73
40 26 92 84
41 69 98 93
42 19 89 86
43 23 96 89
44 77 86 75
45 21 95 87
46 21 96 72
47 83 106 109
48 24 90 65
49 62 82 72
50 66 94 83
51 20 95 92
52 24 104 92
53 26 88 82
54 55 107 84
55 51 79 87
56 53 99 80
57 55 83 65
58 52 108 86
59 23 91 92
60 70 97 82
61 49 106 94
62 66 89 75
63 66 81 71
64 48 119 109
65 47 84 95
66 79 109 88
67 69 97 79
68 43 103 85
69 23 95 82
70 44 98 90
71 78 99 100
72 45 97 90
73 63 92 79
74 31 102 86
75 46 98 . 92
76 87 104 77
77 83 92 84
78 70 92 95
79 86 106 106
80 66 89 86
81 69 90 79
82 20 107 91
83 22 115 94
84 48 95 92
85 74 102 84
86 56 104 90
87 21 116 -
88 34 116 98
89 92 96 79
90 19 105 95
91 83 111 94
92 20 88 87
93 75 88 72
94 66 99 97
95 23 93 91
96 47 97 86
97 63 112 98
98 29 91 85
99 41 99 -
100 47 101 96
101 22 108 88
102 60 105 86
103 45 104 103
104 29 101 89
105 76 108 97
106 24 98 81
107 83 105 103
108 72 94 78
109 72 98 91
110 19 95 79
111 49 112 111
112 76 102 81
113 50 104 95
114 83 112 91
115 54 116 82
116 20 102 84
117 73 97 105
118 82 94 99
119 71 81 82
120 25 116 97
121 29 103 92
122 28 95 92
123 35 104 89
124 56 108 103
125 53 103 88
126 24 117 103
127 23 106 75
128 76 104 77
129 31 101 83
130 24 96 77
131 22 108 72
132 53 98 91
133* 82 100 64
134* 68 63 81
135* 15 97 75
136* 18 97 74
137* 22 102 77
138* 19 100 84
139* 65 110 96
140* 21 94 81
141* 19 104 79
142* 87 98 67
143* 21 107 81
144* 25 98 72
145* 19 102 91
146* 45 108 97
147* 20 95 99
148* 29 102 89
149* 47 109 85
150* 24 101 84
151* 75 111 59
152* 76 96 92
153* 77 102 79
154* 25 82 73
155* 71 113 106
156* 21 106 85
157* 20 116 110
158* 73 106 87
159* 23 98 93
160* 28 106 106
161* 27 111 89
162* 33 112 95
163* 57 106 77
164* 29 107 96
165* 23 123 95
166* 73 102 90
167* 70 113 86
168* 79 115 95
169* 26 95 79
170* 26 102 81
171* 27 100 75
172* 79 103 83
173* 76 101 78
174* 23 105 109
175* 71 111 89
176* 22 101 85
177* 25 102 77
178* 53 104 98
179* 23 98 98
180* 47 108 89
181* 69 76 79
182* 40 79 82
183* 69 113 114
184* 25 102 91
185* 72 100 93
186* 46 99 81
187* 45 89 69
188* 25 86 65
189*
190*
191*
192
193*
194*
195*
196*
197*
198*
199*
200*
201*
202*
203*
204*
205*
206*
207*
208*
209*
210*
Mean
S.D.
77
73 
55 
19
52 
76
27
28 
76 
57 
21
53 
67 
30 
52 
66 
75 
61 
52 
47 
30
74
45.8
23.9
109 103
97 81
103 80
98 99
103 102
105 84
98 95
118 85
97 78
90 84
101 96
91 99
109 87
115 108
118 123
120 92
107 80
109 103
95 84
90 86
102 91
99 82
99.4
9.7
87.9
10 .6
*Female subject.
APPENDIX 10
MAKERS OF THE
Respirator A
Respirator B
Respirator C
Respirator D
Respirator E
Respirator p
CHOSEN RESPIRATORS USED IN THE EXPERIMENTS
Leyland and Birmingham Rubber Co. Ltd., 
Golden Hill Lane,
Leyland,
PRESTON PR5 1UB.
Solar Safety,
Kingsley Works,
Walmgate Road,
PERIVALE, Middlesex.
Martindale Protection Ltd.,
Neasden Lane,
LONDON NW1Q 1RN.
Parmelee Ltd.,
39 Bedford Avenue,
SLOUGH,
Berks, SL1 4RB.
Chapman & Smith Ltd.,
Safir Works,
EAST HOATHLY,
Nr. Lewes, Sussex.
James North & Sons Ltd.,
HYDE,
Cheshire, SK14 1RL.
R e s p ir a to r  G Siebe Gorman & Co. Ltd., 
Avondale Way,
CWMBRAN,
Wales.
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Appendix 11 -  The correlation coefficients of
1. The °/o face seal inward leakage 
against contours Q ,R ,S  and face 
length and lip width of the four 
companies .
2. The dependent variables of the 
male and female subjects.
3. The dependent variables of each 
individual company.
A. The dependent variables of all 
test subjects [ n= 160 ].
Dependent
variables
RFD 
[ n =41]
Surrey 
University 
[ n = A 0 ]
AO C 
[ n = A7 ]
Beecham 
[ n = 2 1 ]
%> Leakage V Q 0.18 0.10 0.32 0.09
%» Leakage V R 0.18 - 0 .1 6 -  0.21 0.01
°/o Leakage V S 0 .28 0.02 0.05 0.10
7 . Leakage V ^ ® th 0.17 -  0.A7 - 0.16 0.05
Lip
%> Leakage V width 0.28 - 0.07 -0 .0 6 - 0.19
Table 23 : The correlation coefficients [ r] of %» face seal
inward leakage against contours Q,R,S and
face length and lip width of the four companies.
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Dependent variables Male 
[ n = 117 ]
Female 
[ n -  43 ]
% Leakage V Q 0.17 - 0.01
%> Leakage V R - 0 .0 8 -0 .0 6
%  Leakage V 5 - 0.01 0.12
7. Leakage V Face length - 0  08 0 0 0
% Leakage V Lip width 0.01 0.24
Q Versus R 0.13 0.00
Q Versus S 0.17 -0 .2 5
R Versus S 0.51 0.36
0 Versus Face length 0 .06 -0 .0 3
R Versus Face length 0.29 0.14
5 Versus Face length 0.30 0.30
Q Versus Lip w idth -0 .0 4 0.01
R Versus Lip width 0-16 0.19
S Versus Lip width 0.22 0.22
Face length V Lip width 0.2 5 0 .00
Table 24 : The correlation coefficients [r] of dependent
variables of the male and female subjects.
Table 25 : The correlation coefficients[ r] of dependent
variables of each individual company.
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Dependent
variables
Se
x
di
ffe
re
nc
es
cC7>a
5
oo a DC
i/) Fa
ce
le
ng
th
Li
p
w
id
th
Sex differences 1 .0 0 0.3 6 0.31 0.19 0.19 -0 -5 0 -0 .2 9
°/o Leakage 0 .3 6 1.00 0.21 0.00 0.09 -0 .2 2 -0 .0 3
Q 0.31 0.21 1.00 0.15 0.13 -0.12 -0.12
R 0.19 0.00 0.15 1.00 0.53 0.13 0.10
S 0.19 0.09 0.13 0.50 1.00 0.16 0.15
Face length - 0 . 5 0 -0.22 -0.12 0.13 0.16 1.00 0,31
Lip width - 0 . 2 9 -0 .0 3 -0.12 0.10 0.15 0.31 1.00
Table 2 6 : The correlation coefficients [ r ]  of dependent 
variables of all test subjects [ n = 160 ]
In the comparison of the above correlation coefficients [ r ] .  RFD  
showed to have reasonable positive correlation between any pair of 
the dependent variables whilst Beecham showed to have only low 
positive correlation in all dependent variables except the Lip w id th . 
In general there is a low positive correlation between % leakage and 
contours Q and S . However there is a low negative correlation 
between % leakage and contour R , °U leakage and Face length 
and °/o leakage and Lip w idth . The differences in the results may 
be due to the variation in male and female ratio in each company.
In the comparison of [ r ] between the two sexes , the statistical 
analysis showed that there is a good positive correlation between 
R and S . Similarly reasonable positive correlation between R and 
Face length , S and Face length , R and Lip width and S and  
Lip width are also obtained . The °/o leakage and Q , Face length 
and Lip width showed to have a low positive correlation .
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The comparison of [ r ] amongst all test subjects showed that there 
is a low positive correlation between %  Leakage and contours Q, R 
and S . The analysis also showed that there is a reasonable 
positive correlation between %  Leakage and Sex differences .
